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ABSTRACT 
!
The! phenomenon! of! thelytoky,! the! asexual! production! of! diploid! female!
offspring,! is! being! increasingly! uncovered! among! the! eusocial!Hymenoptera.!
Thelytoky! is! associated!with! a! number! of! fascinating! and! novel! reproductive!
systems.!In!this!thesis!I! investigate!the!evolutionary!and!genetic!consequences!
of! thelytokous! parthenogenesis,!with! particular! focus! on! the!Cape! honey! bee!
Apis%mellifera% capensis! (hereafter!Capensis).! In!Capensis! thelytoky! is! associated!
with! loss!of!heterozygosity,!which! can!only!be! curtailed!by!ongoing! selection!
against!homozygous!offspring.!This!selective!cost! is!one! factor! that!drives! the!
distribution! of! thelytokous! reproduction! within! the! Capensis! population,! as!
different!castes!differ! in! their!ability! to!endure! the!costs,!and!capitalise!on!the!
benefits!of!thelytoky.!Considering!these!costs!and!benefits!in!a!broader!context,!
I!show!that!the!distribution!of!thelytokous!parthenogenesis!across!the!eusocial!
Hymenoptera!can!be!accounted!for!by!the!constraints!imposed!by!caste!conflict!
within!an!insect!colony.!
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CHAPTER'1!
INTRODUCTION!
Eusociality!is!a!form!of!sociality!that!is!characterised!by!reproductive!division!
of!labour!(Michener!1974).!In!a!eusocial!colony!a!minority!of!royal!individuals!
specialise!in!reproduction,!while!the!worker!majority!are!largely!nonh!
reproductive!and!devote!themselves!to!tasks!such!as!brood!rearing!and!food!
collection!(Wilson!1971,!Crozier!and!Pamilo!1996,!Wilson!and!Hölldobler!2005).!
Eusociality!has!evolved!independently!at!least!29!times!(Crozier!2008)!and!has!
been!identified!in!a!diverse!range!of!taxa,!from!the!naked!mole!rat!
(Heterocephalus%glaber)!(Jarvis!1981,!OARiain!and!Faulkes!2008)!to!a!coral!reefh
dwelling!shrimp!(Synalpheus%regalis)!(Duffy!1996).!However!it!is!in!the!insects!
that!eusociality!is!both!best!known!and!most!highly!developed.!Examples!of!
eusocial!insects!include!all!ants!and!termites,!some!bees!and!wasps!and!a!few!
aphids!and!thrips!(Costa!2006).!
The!vast!majority!of!eusocial!insect!species!are!haplodiploid:!males!are!
haploid!and!normally!arise!from!unfertilised!eggs!by!arrhenotokous!
parthenogenesis,!while!diploid!females!are!typically!produced!sexually.!!
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Glossary!of!terms!
Arrhenotoky:!Parthenogenetic!production!of!haploid!males!
Asexual!reproduction:!Production!of!offspring!without!the!genetic!contribution!of!a!sexual!
partner!
Automixis:!Parthenogenesis!in!which!an!egg!undergoes!meiosis.!During!automictic!
thelytoky!diploidy!is!restored!during!or!after!meiosis.!c.f.!apomixis,!where!diploidy!is!
maintained!by!the!complete!suppression!of!meiosis!
Direct!fitness:!Fitness!achieved!by!the!successful!production!of!offspring,!which!carries!an!
organism’s!alleles!into!the!next!generation.!Direct!fitness,!combined!with!indirect!fitness,!
determines!an!organism’s!inclusive!fitness!
Eusociality:!An!advanced!level!of!colonial!existence,!characterised!by!cooperation!in!brood!
care,!overlapping!generations!and!division!of!reproductive!labour!
Haplodiploid:!A!sexhdetermination!system!characterised!by!haploid!males!and!diploid!
females!
Homozygous!recombinant:!An!individual!that!is!homozygous!at!a!given!locus,!which!was!
heterozygous!in!her!mother!as!a!result!of!recombination!during!automictic!thelytoky!
Indirect!fitness:!Fitness!achieved!via!the!reproductive!success!of!relatives!who!share!alleles!
with!an!individual!that!are!identical!by!descent.!Indirect!fitness,!combined!with!direct!
fitness,!determines!an!organism’s!inclusive!fitness!
Meiotic!recombination:!The!exchange!of!genetic!material!between!homologous!
chromosomes!before!the!first!division!of!meiosis!
Parthenogenesis:!A!form!of!asexual!reproduction!where!offspring!develop!from!an!
unfertilized!egg!
Patrilines:!subfamilies!of!fullhsister!workers!sharing!a!father!
Relatedness:!The!degree!to!which!individuals!are!predicted!to!share!alleles!that!are!
identical!by!descent!
Sexual!reproduction:!Reproduction!involving!the!union!of!two!haploid!gametes,!each!
derived!from!a!different!parent!
Thelytoky:!Parthenogenetic!production!of!diploid!females!from!unfertilised!eggs!
Worker!policing:!Behaviour!of!workers!that!prevents!fellow!workers!from!reproducing.!In!
honey!bees!policing!is!mediated!by!the!consumption!of!workerhlaid!eggs!
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Haplodiploid!females!are!more!closely!related!to!their!full!sisters!(r!=!0.75)!than!
they!would!be!to!their!own!sexuallyhproduced!daughter!(r!=!0.5).!(See!Crozier!
2008,!Hughes!et!al.!2008,!Ross!et!al.!2013),!and!so!kinhselection!theory!(Hamilton!
1964)!provides!a!satisfying!explanation!as!to!how!workers!can!increase!their!
Darwinian!fitness!by!forgoing!their!own!reproductive!potential!in!favour!of!
helping!raise!the!daughters!of!their!mother.!Tellingly,!the!ancestral!condition!of!
all!extant!eusocial!Hymenopterans,!which!are!all!haplodiploid,!was!monandry!
(Hughes!et!al.!2008).!This!suggests!that!high!betweenhsister!relatedness!was!
crucial!to!the!evolution!of!eusociality!in!the!Hymenoptera,!and!explains!why!
eusociality!has!repeatedly!evolved!in!this!Order.!
Thelytoky!is!one!of!several!forms!of!parthenogenesis!in!which!diploid!
female!offspring!develop!from!unfertilised!eggs.!While!thelytoky!is!rare!in!the!
natural!world,!where!sex!is!the!norm,!examples!of!thelytokous!reproductive!
systems!are!being!identified!with!increasing!frequency!among!the!eusocial!
haplodiploids.!!
The!Cape!honey!bee!(Apis%mellifera%capensis)!(hereafter!Capensis)!was!the!
first!eusocial!haplodiploid!in!which!thelytoky!was!identified!(Onions!1912)!
(Figure!1).!This!subspecies!of!honey!bee,!native!to!the!Western!and!Eastern!
Cape!provinces!of!South!Africa,!is!unique!among!honey!bees!in!that!eggs!laid!
by!workers!regularly!develop!into!diploid!female!offspring.!While!virgin!
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!
Figure!1! The!Cape!honey!bee,!Apis%mellifera%capensis.!!!!!!!!!a,b)!Darker!coloured!
Capensis!workers!in!the!colonies!of!another!honey!bee!subspecies!Apis%mellifera%scutellata.!
Capensis!workers!elicit!queenlike!treatment!from!their!Scutellata!hosts.!!!!!!!!!c)!A!Capensis!
colony,!with!a!drone!and!queen!visible!in!the!center!top.!!!!!!!!!d)!Capensis!workers!in!a!
Capensis!colony.!!!!!!!!!g)!A!comb!of!Capensis!workers,!removed!from!the!colony.!!!!!!!!
Photos!by!B!Oldroyd.!
a" b"
d"c"
e"
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queens!are!physiologically!capable!of!thelytoky!(Oldroyd!et!al.!2008),!they!do!
not!utilise!this!mode!of!reproduction!in!nature!(Beekman!et!al.!2011).!Thelytoky!
in!Capensis!predisposes!workers!to!reproductive!parasitism.!This!has!led!to!the!
emergence!of!clonal!lineages!of!specialised!reproductive!parasites,!one!of!
which,!known!as!‘The!Clone’,!currently!exists!as!a!parasite!of!another!honey!bee!
subspecies!A.%m.%scutellata!(Allsopp!1992,!Kryger!2001,!Martin!et!al.!2002,!
Neumann!and!Moritz!2002,!Baudry!et!al.!2004,!Oldroyd!et!al.!2011!and!chapters!
2!to!4).!
In!recent!years!a!number!of!ant!taxa!have!joined!the!ranks!of!thelytokous!
eusocial!haplodiploids!(Rabeling!and!Kronauer!2013).!Thelytokous!ant!species!
encompass!a!startling!variety!of!reproductive!systems,!many!of!which!were!
inconceivable!just!10!years!ago,!prior!to!the!‘molecular!natural!history’!
movement!(Keller!2007).!A!particularly!weird!example!is!the!little!fire!ant,!
Wasmannia%auropunctata,!where!queens!produce!queenhdestined!offspring!
thelytokously!and!sterile!workers!sexually,!while!the!males!develop!asexually,!
potentially!by!the!elimination!of!the!female!genome!from!fertilised!eggs!
(Fournier!et!al.!2005,!Foucaud!et!al.!2010).!In!contrast,!in!Cerapachys%biroi%(Figure!
2),!all!workers!are!thelytokous!and!reproduce!synchronously,!while!the!queen!
caste!is!completely!absent!(Kronauer!et!al.!2012).!!
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Figure!2! The!clonal!raider!ant,!Cerapachys%biroi,!a!queenless!ant!in!which!all!
workers!reproduce!thelytokously.!Colonies!cycle!between!a!reproductive!phase!with!
eggs!and!pupae,!and!brood!care!phase!with!larvae!(ahd).!In!the!brood!care!phase!
workers!provision!their!developing!brood!(a,c)!with!the!larvae!and!pupae!of!preyhant!
species!(d).!!
Photos!courtesy!of!Peter!Oxley,!Laboratory!of!Insect!Social!Evolution,!The!Rockefeller!
University.!
a"
b" c"
d"
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In!Chapter!Two!I!review!the!consequences!of!thelytoky!in!Capensis.!I!
further!consider!the!mechanisms!by!which!thelytoky!might!emerge!in!social!
bees,!proposing!that!multiple!factors!must!be!in!place!before!thelytoky!becomes!
an!evolutionary!stable!option.!I!suggest!that!geographic!isolation!resulting!in!
genetic!drift!and!founder!effects!may!have!allowed!thelytoky!to!emerge!in!
Capensis.!I!discuss!the!means!by!which!differences!in!the!life!histories!of!castes!
within!the!Capensis!colony!may!have!driven!the!evolution!of!differential!
expression!of!the!thelytokous!phenotype!between!castes.!Finally,!I!consider!the!
honey!bee!in!the!broader!context!of!social!Hymenoptera,!and!argue!that!
constraints!on!the!evolution!of!sex!in!nonhhaplodiploid!taxa!may!make!sexual!
reproduction!an!evolutionary!‘onehway!street’.!
In!Chapter!Three!I!address!the!puzzle!of!how!heterozygosity!is!
maintained!in!a!thelytokous!population!like!the!Clone.!Thelytoky!in!the!Clone!
occurs!by!automictic!(meiotic)!parthenogenesis!with!central!fusion,!a!process!
that!carries!with!it!a!maximum!of!1/3!loss!of!heterozygosity!at!any!locus!that!is!
free!to!recombine.!Thus,!ongoing!generations!of!thelytoky!are!predicted!to!
result!in!complete!loss!of!heterozygosity!and!inbreeding!within!the!thelytokous!
population.!Yet!the!Clone!has!retained!a!remarkably!high!level!of!genomehwide!
heterozygosity,!despite!over!24!years!of!exclusively!thelytokous!reproduction.!I!
show!that!heterozygosity!is!maintained!in!the!Clone!by!selection!against!
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homozygous!recombinant!offspring.!While!homozygosity!is!high!in!Cloneh
produced!eggs,!it!is!far!lower!in!Clone!larvae!and!pupae.!This!shows!that!while!
heterozygosity!is!lost!via!recombination,!homozygous!recombinant!offspring!
are!removed!from!the!population!because!they!are!nonhviable!at!later!life!
stages.!I!further!show,!via!deterministic!modeling,!that!selective!removal!of!
homozygous!offspring!can!maintain!heterozygosity!indefinitely,!and!that!
selection!alone!can!account!for!the!level!of!heterozygosity!observed!in!the!Clone!
population.!!
In!Chapter!Four!I!continue!to!investigate!the!maintenance!of!
heterozygosity!in!the!Clone.!I!use!chromosome!walks!to!map!patterns!of!
zygosity!along!two!Clone!chromosomes,!one!of!which!contains!the!
‘complementary!sex!determining’!(csd)!locus,!a!locus!that!determines!sex!in!
honey!bees!and!which!must!be!heterozygous!or!hemizygous!for!offspring!to!be!
viable!(Woyke!1963,!Beye!et!al.!2003).!I!show!that!in!addition!to!csd%at!least!four!
selectively!overdominant!genes!maintain!heterozygosity!on!chromosome!III!
and!three!on!chromosome!IV.!These!genes!must!be!heterozygous!for!viability.!
This!finding!helps!resolve!a!longhstanding!question!about!the!relationship!
between!fitness!and!heterozygosity!at!marker!loci.!Correlations!between!fitness!
and!genomehwide!heterozygosity!(HeterozygosityhFitness!Correlations,!HFCs)!
have!been!reported!across!a!wide!range!of!taxa!(Britten!1996,!Chapman!et!al.!
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2009).!These!correlations!have!often!been!attributed!to!genomehwide!inbreeding!
(‘general!effects’)!(Chapman!et!al.!2009,!Szulkin!et!al.!2010).!However,!in!
Capensis!I!have!shown!that!maintenance!of!both!heterozygosity!and!fitness!can!
be!attributed!to!the!‘local!effects’!of!overdominant!loci!acting!in!linkage!
disequilibrium!with!neutral!loci.!!
In!Chapter!Five!I!take!a!break!from!thelytoky,!and!investigate!one!of!the!
secondary!effects!of!thelytokous!reproduction!in!Capensis:!an!increase!in!both!
the!level!and!variance!of!reproductive!potential!in!workers.!I!measure!
heritability!of!worker!ovariole!number;!a!trait!associated!with!reproductive!
potential.!I!find!evidence!of!significant!additive!genetic!variation!in!the!trait.!I!
further!report!the!replacement!of!a!queen!in!one!of!my!study!colonies!by!her!
workerhproduced!granddaughter,!confirming!the!reproductive!potential!of!
Capensis!workers.!
In!Chapter!Six!I!take!a!broader!look!at!reproduction!in!Capensis.!I!show!
that,!while!Capensis!have!long!been!associated!with!thelytoky,!both!workers!
and!Clone!also!produce!haploid!male!offspring!via!arrhenotokous!
parthenogenesis.!I!further!show!that!workers!of!the!sexual!Capensis!population!
produce!far!fewer!arrhenotokous!eggs!than!individuals!of!the!Clone!lineage,!
and!discuss!possible!evolutionary!explanations!for!this!difference.!
CHAPTER!1!
! F.!GOUDIE!10!
In!Chapter!Seven!I!extend!the!theoretical!framework!that!I!have!
developed!for!Capensis!and!the!Clone,!and!consider!the!implications!of!
thelytoky!for!eusocial!haplodiploids!as!a!whole.!I!create!a!conceptual!map!in!
which!species!are!categorised!by!their!mode!of!worker!and!queen!reproduction.!
I!show!that!the!resultant!distribution!can!be!explained!by!conflict!between!
reproductive!castes,!leading!to!the!development!of!four!hypotheses:!First,!when!
thelytoky!is!expressed!in!queens,!it!will!also!be!expressed!in!nonhsterile!
workers.!Second,!when!workers!are!capable!of!thelytoky,!obligate!queen!
thelytoky!will!result!in!the!loss!of!the!queen!caste.!Third,!exclusive!queen!
thelytoky!only!evolves!in!species!with!ancestrally!sterile!workers.!Fourth,!
facultative!queen!thelytoky!and!sterile!workers!leads!to!the!evolution!of!
clonallyhproduced!males.!!
In!the!final!Chapter!I!reflect!on!my!findings!and!propose!a!set!of!
experiments!and!theoretical!investigations!for!the!future.!
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CHAPTER 2  
THELYTOKY IN THE HONEY BEE  
Frances!Goudie,!Benjamin!P.!Oldroyd!
This%chapter%was%published%as%an%invited%review:!Goudie,!F.!and!B.!Oldroyd!(2014)!
Thelytoky!in!the!honey!bee.!Apidologie!3:!306h326!
ABSTRACT! Thelytoky,! the! asexual! production! of! females,! is! rare! in! honey!
bees.!However,!it!is!ubiquitous!in!workers!of!the!Cape!honey!bee!Apis%mellifera%
capensis.% Thelytoky! allows! some! workers! to! be! reincarnated! into! the! queen!
phenotype,! and! thereby! selects! for! reproductive! competition! among!workers.!
Thelytoky! also! acts! as! an! exaptation! for% the! emergence! of! reproductive!
parasites,! the!most!extreme!example!of!which! is!an!entirely!clonal! ‘cancerous’!
lineage! of! workers! (the! Clone)! that! lethally! parasitises! colonies! of! another!
subspecies!A.%m.%scutellata.!The!Clone!is!an!enigma!because!thelytoky%results!in!
the!accumulation!of!homozygosity!at!any!loci!that!are!free!to!recombine;!yet!the!
Clone! retains! considerable! heterozygosity.! The! Clone! pays! a! cost! for! its!
thelytoky:! the! selective! removal! of! homozygous! offspring! at! each! generation.!
We!propose!that!workers,!queens!and!Clones!have!differing!abilities!to!endure!
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the!costs!and!benefits!of!sex!and!asexuality,!accounting! for! the!heterogeneous!
distribution!of!reproductive!strategies!across!the!A.%m.%capensis%population.!We!
further!suggest!that!multiple!factors!must!fall!into!place!for!thelytoky!to!emerge!
as! an! effective! reproductive! strategy! in! a! honey! bee! population,! and! that!
geographic! isolation! resulting! in! genetic! drift! and! founder! effects! may! have!
enabled! thelytoky! to! emerge! in!A.%m.% capensis.%Finally,!we! consider! the!honey!
bee! in! the! broader! context! of! haplodiploid! Hymenoptera,! and! argue! that!
constraints!on!the!evolution!of!sex! in!nonhhaplodiploid!taxa!may!make!sexual!
reproduction!an!evolutionary!‘onehway!street’.!
Apis%mellifera,!Apis%mellifera%capensis,!asexual,!thelytoky,!reproductive!
parasitism!!
Introduction!
In!the!typical!image!of!a!honey!bee!(Apis%mellifera)!colony!there!is!a!queen!
reigning!over!her!worker!force!of!daughters!with!an!iron…!wing?!The!queen,!
and!only!the!queen,!lays!eggs.!If!she!chooses!to!fertilise!an!egg!with!stored!
sperm!it!develops!as!a!diploid!daughter,!a!future!queen!or!worker.!
Alternatively,!if!the!queen!lays!an!unfertilised!egg,!it!develops!into!a!haploid!
male,!a!drone!that!will!eventually!fly!out!and!attempt!to!mate!with!virgin!
queens!of!other!colonies.!
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This!image!might!come!close!to!approximating!a!particularly!wellh
behaved!colony!of!the!European!honey!bee.!However,!in!reality,!like!the!human!
suburbs!of!the!1950s,!even!the!besthbehaved!honey!bee!colonies!can!have!
nefarious!goings!on!beneath!the!surface.!Here!we!review!one!of!the!most!
fascinating!ways!in!which!reality!differs!from!outward!appearance:!the!asexual!
production!of!diploid!females!via!thelytokous!parthenogenesis.!We!discuss!the!
physiological,!evolutionary!and!social!consequences!of!thelytoky!in!the!
subspecies!in!which!it!is!best!characterised,!the!Cape!honey!bee!A.%m.%capensis%
(hereafter!Capensis).!We!further!discuss!the!possibility!of!thelytoky!in!other!
honey!bee!species!and!subspecies,!and!explore!how!thelytoky!may!have!
evolved!in!honey!bees.!
Thelytoky!!
Honey!bees!are!haplodiploid.!Diploid!females!are!normally!produced!sexually,!
from!fertilised!eggs,!while!haploid!males!develop!from!unfertilised!eggs!via!
arrhenotokous!parthenogenesis.!Both!queens!and!workers!are!capable!of!laying!
unfertilised,!malehdestined!eggs,!although!in!most!circumstances!workers!
rarely!utilise!this!ability!(Visscher!1989,!Winston!1991,!but!see!Barron!et!al.!
2001).!Thelytoky!is!an!alternative!developmental!pathway!for!the!unfertilised!
egg,!which!results!in!the!production!of!a!diploid!female!offspring.!!
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Thelytoky,!the!asexual!production!of!females,!is!rare!among!animal!taxa,!
where!sexual!reproduction!predominates!(White!1984,!Suomalainen!et!al.!1987).!
Examples!of!notable!thelytokous!animals!include!the!ancientlyhasexual!bdelloid!
rotifer,!which!has!gone!without!sex!for!millions!of!years!(Mark!Welch!et!al.!
2004,!Gladyshev!and!Meselson!2008,!Flot!et!al.!2013)!and!the!Amazon!molly!
(Poecilia!formosa),%in!which!females!must!mate!with!males!of!another!species!
before!they!can!reproduce!thelytokously.!This!odd!behaviour!causes!local!
extinctions!as!molly!females!‘steal!all!the!men’!(Tiedemann!et!al.!2005,!Heubel!
et!al.!2009).!
Thelytoky!has!evolved!at!least!255!times!in!populations!of!normally!
arrhenotokous!haplodiploids!(Normark!2003,!Engelstädter!2008).!Many!
transitions!from!arrhenotoky!to!thelytoky!are!driven!by!maternally!transmitted!
endobacteria,!such!as!Wolbachia,%Rickettsia%and!Cardinium%(ZchorihFein!et!al.!
2001,!Huigens!and!Stouthamer!2003,!Hagimori!et!al.!2006,!Engelstädter!2008).!
One!mechaism!by!which!these!bacteria!drive!their!own!propagtion!is!by!
inducing!femalehproducing!pathenogensis!to!reduce!or!eliminate!the!
production!of!males!(a!genetic!dead!end!for!the!bacteria)!by!their!host.!
However!there!are!a!rapidly!increasing!number!of!examples!of!geneticallyh
determined!thelytoky!being!identified!in!haplodiploids.!In!particular!the!
‘molecular!natural!history’!movement!(Keller!2007)!is!revealing!a!fascinating!
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array!of!novel!reproductive!systems!that!are!based!on!geneticallyhdetermined!
thelytoky.!While!the!ants!have!thus!far!yielded!the!greatest!diversity!of!unusual!
reproduction!systems!based!on!thelytoky!(e.g.!Pearcy!et!al.!2004,!Ravary!and!
Jaisson!2004,!Fournier!et!al.!2005,!Gruber!et!al.!2010,!Flot!et!al.!2013,!Rabeling!
and!Kronauer!2013),!the!bees,!and!particularly!the!honey!bees,!are!beginning!to!
show!that!they!can!be!equally!weird!(Sumner!and!Keller!2008).!
Apis!mellifera!capensis!
Thelytoky!in!Capensis!!
Thelytoky!in!bees!was!first!identified!in!Capensis!(Onions!1912).!In!this!South!
African!subspecies!of!honey!bee,!thelytoky!is!almost!ubiquitous!in!workers!
(Verma!and!Ruttner!1983).!When!Capensis!workers!lay!unfertilised!eggs!the!
eggs!usually!develop!into!diploid!female!offspring!via!automictic!thelytoky!
with!central!fusion!(Verma!and!Ruttner!1983)!(Figure!1).!In!automictic!
thelytoky,!the!reductional!division!of!Meiosis!II!occurs!as!normal,!resulting!in!
four!haploid!nuclei.!Diploidy!is!then!restored!by!one!of!several!mechanisms,!
each!with!a!different!genetic!outcome!(Pearcy!et!al.!2006).!In!Capensis!diploidy!
is!restored!by!central!fusion:!the!fusion!of!two!nonhhomologous!pronuclei!as!if!
one!of!the!nuclei!acted!as!a!sperm.!In!the!absence!of!meiotic!recombination!!
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Figure!1! Automixis!with!central!fusion.!Meiosis!occurs!as!normal!resulting!in!four!
haploid!pronuclei!(ii).!Pronuclei!occupying!the!central!position!fuse!to!form!the!diploid!
zygote!(iii).!As!this!fusion!is!central,!the!pronuclei!involved!are!descended!from!the!two!
different!homologous!chromosomes!(ii).!In!the!absence!of!recombination,!heterozygosity!in!
the!mother!will!be!maintained!in!the!daughter.!When!recombination!occurs,!alleles!are!
randomised!among!the!four!pronuclei!and!as!a!result!there!is!a!1/3!chance!that!
heterozygosity!will!be!lost!in!the!offspring.!This!allocation!of!alleles!to!the!central!pronuclei!
is!an!example!of!sampling!without!replacement.!If!one!of!the!central!pronuclei!carries!an!A!
allele!there!is!a!1/3!chance!that!the!other!central!pronucleus!will!carry!the!second!A!allele,!
and!a!2/3!chance!that!it!will!carry!one!of!the!two!B!alleles.!If!you!don’t!believe!us!(many!
readers!won’t)!try!writing!‘A!‘on!two!bits!of!paper!and!‘B’!on!two!other!bits.!Draw!one!
piece!of!paper!at!random:!this!is!the!first!central!pronucleus.!Let’s!pretend!it!is!an!A!and!set!
it!aside.!Now,!what!is!the!probability!that!the!second!pronucleus!you!draw!will!also!be!an!
A?!
Mother!
Daughter!
A!B!
Maintenance of!
heterozygosity (AB)!
Meiosis I!
Meiosis II!
Central fusion!
Randomisation of 
alleles during 
recombination!
A!B!
⅓ chance of loss of 
heterozygosity!
Without recombination! With recombination!
ii!
iii!
i!
Figure 1!
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between!a!locus!and!the!centromere,!central!fusion!results!in!clonal!
reproduction,!so!that!the!genotype!of!the!daughter!is!identical!to!the!genotype!
of!the!mother.!However,!when!recombination!occurs!heterozygosity!can!be!lost,!
so!that!the!daughter!will!be!homozygous!for!one!of!her!mother’s!alleles!
(Suomalainen!et!al.!1987).!
If!a!Capensis!worker!produces!a!daughter!queen!via!thelytoky,!she!is!
genetically!reincarnated!in!the!form!of!a!queen!with!no!frog!kissing!required.!
No!doubt!this!is!why!Capensis!workers!target!their!egg!laying!around!existing!
queen!cells,!in!places!where!queen!cells!are!likely!to!be!built!and!during!periods!
of!queen!rearing!(Figure!2).!Around!40h60%!of!queens!produced!during!
swarming!events!are!the!daughters!of!workers!(Jordan!et!al.!2008,!Allsopp!et!al.!
2010).!Thelytokouslyhproduced!Capensis!queens!go!on!to!mate!and!reproduce!
sexually!(Beekman!et!al.!2011).!Capensis!workers!also!utilise!thelytoky!to!raise!a!
replacement!queen!whenever!they!are!queenless!and!broodless!(Holmes!et!al.!
2010).!!
Thelytoky!dramatically!increases!the!reproductive!potential!of!the!honey!
bee!worker,!resulting!in!competition!between!workers!and!worker!patrilines!
(lineages!of!fullhsister!workers,!sharing!a!father)!(Moritz!et!al.!1996)!(Figure!3).!
This!tendency!has!selected!for!traits!related!to!reproduction!in!Capensis!
workers!(Greeff!and!Villet!1993).!Selection!has!acted!directly!on!traits!that!!
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Figure!2! Worker!laid!eggs!in!a!queenless!Capensis!colony.!i.!Egg!laying!workers!
focus!around!holes!in!the!comb!where!queen!cells!are!most!likely!to!be!built.!ii.!
Workerhlaid!eggs!on!the!outside!of!an!existing!mature!queen!cell.!!
Photos!by!B!Oldroyd.!
Figure 2!
i!
ii!
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Figure!3! The!relatedness!(r)!of!a!focal!worker!(red!dashed!highlight)!to!other!
individuals!in!honey!bee!colony.!Females!are!represented!by!circles!and!males!by!
squares.!The!queen!wears!the!crown,!however,!all!females!have!the!potential!to!be!
raised!as!a!queen!(although!subfamilies!differ!in!their!likelihood!of!being!so).!In!a!
colony!in!which!workers!reproduce!arrhenotokously,!the!focal!worker!is!more!closely!
related!to!the!son!of!her!mother!(r!=!0.25)!than!the!son!of!her!half!sister!(r!=!0.125)!and!
so!selection!favours!policing!behaviour!to!suppress!the!reproductive!efforts!of!other!
workers.!In!a!colony!in!which!workers!reproduce!thelytokously,!the!focal!worker!can!
produce!daughters!that!are!related!to!her!by!unity!(r!=!1),!she!can!use!this!ability!to!
produce!daughters!that!might!become!queens,!resulting!in!her!effective!genetic!
reincarnation!as!a!queen.!She!is!equally!related!to!her!sisters!as!she!is!to!the!
thelytokous!daughters!of!her!sisters.!In!the!same!way,!the!queen!is!equally!related!to!
her!daughters!as!she!is!to!the!thelytokous!daughters!of!her!daughters,!and!so!it!makes!
no!difference!to!the!colony!as!a!whole!if!the!new!queen!is!produced!sexually!by!the!
original!queen!or!thelytokously!by!a!worker.!Therefore!selection!for!policing!behaviour!
is!relaxed!relative!to!arrhenotokous!populations.!!
0.5! 0.5! 0!
0.25!0.75!
0.325! 0.5! 0.125!
0.25!
0.5! 0.5! 0!
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increase!a!worker’s!ability!to!compete!with!her!sisters!and!mothers!over!
reproductive!opportunities.!For!example,!the!Capensis!worker!has!an!average!
of!10–20!ovarioles!per!ovary!(Ruttner!1977,!Hepburn!and!Crewe!1990,!Allsopp!
et!al.!2003,!Goudie!et!al.!2012).!In!contrast,!workers!in!arrhenotokous!honey!bee!
populations!typically!have!far!fewer!ovarioles!(Amdam!et!al.!2004,!Oldroyd!et!
al.!2008).!Ovariole!number!in!worker!patrilines!is!heritable!and!highly!variable!
(Goudie!et!al.!2012).!Even!though!they!cannot!be!utilised!by!nonhsexual!workers!
Capensis!workers!often!have!a!wellhdeveloped!spermatheca!(a!sperm!storage!
organ!found!in!queens),!which!is!absent!in!workers!of!other!honey!bee!
subspecies!(Hepburn!and!Crewe!1991,!Phiancharoen!et!al.!2010).!!
The!Capensis!worker!does!not!always!limit!herself!to!competing!with!her!
sisters!over!the!production!of!new!queens.!Capensis!workers!are!able!to!act!as!
nonhnatal!reproductive!parasites,!entering!foreign!colonies!and!laying!eggs!that!
may!be!raised!as!queens.!Nonhnatal!workers!are!responsible!for!the!production!
of!between!0.5!and!46%!of!new!queens!(Jordan!et!al.!2008,!Allsopp!et!al.!2010,!
Holmes!et!al.!2010,!Moritz!et!al.!2011).!However,!Holmes!et!al.!(2010)!observed!
rates!of!parasitism!that!were!independent!of!apiary!layout!and!distance!
between!colonies.!Furthermore!Neumann!et!al.!(2001)!found!that!Capensis!
workers!disperse!significantly!more!than!other!subspecies!of!A.%mellifera%and!are!
more!likely!to!parasitise!queenless!colonies.!Whether!or!not!movement!of!
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workers!between!colonies!is!an!active!process,!as!it!seems!to!be!in!bumble!bees!
(Blacher!et!al.!2013)!and!stingless!bee!queens!(Wenseleers!and!Van!Oystaeyen!
2011),!remains!open!to!question.!However,!it!appears!that!once!a!nonhnatal!
worker!enters!a!nest!she!targets!queen!cells!for!oviposition.!In!colonies!with!
high!rates!of!parasitic!queen!production!(38%),!only!6.9%!of!the!workers!were!
nonhnatal!(Jordan!et!al.!2008).!Thus,!the!reproductive!output!of!nonhnatal!
workers!is!disproportionally!high,!as!is!seen!in!colonies!of!the!Asian!species!A.%
florea!(Nanork!et!al.!2005,!Chapman!et!al.!2009)!and!A.%cerana!(Nanork!et!al.!
2007).!This!suggests!the!existence!of!specialised!parasitic!genotypes!within!the!
Capensis!population.!
The!Capensis!Clone!!
By!liberating!the!worker!from!reliance!on!a!sexual!queen,!thelytoky!has!
enabled!the!emergence!of!entirely!asexual!lineages!of!social!parasites.!On!at!
least!three!occasions,!two!historic!and!one!current,!parasitic!lineages!have!
emerged!as!specialised!reproductive!parasites!of!the!strictly!arrhenotokous!
subspecies%A.%m.%scutellata%(hereafter!Scutellata)!(Martin!et!al.!2002).!!
While!Capensis!is!confined!to!the!southern!most!tip!of!South!Africa,!
Scutellata!occupies!the!rest!of!southern!and!most!of!central!Africa!(Hepburn!
and!Radloff!1998)!(Figure!4).!In!1990!a!beekeeper!moved!approximately!200!
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commercial!Capensis!colonies!across!the!stable!hybrid!zone!that!separates!the!
two!subspecies!(Allsopp!and!Crewe!1993,!Beekman!et!al.!2008)!and!into!
Scutellata!range!(Allsopp!and!Crewe!1993,!Neumann!and!Moritz!2002).!From!
here!Capensis!workers!drifted!into!(or!perhaps!invaded)!the!local!Scutellata!
colonies,!commenced!laying,!and!produced!thelytokous!daughters.!One!of!
these!daughters!founded!a!thelytokous!lineage!of!clonal!workers!that!has!
infested!commercial!Scutellata!colonies!ever!since!(Kryger!2001,!Baudry!et!al.!
2004,!Oldroyd!et!al.!2011).!Over!the!past!23!years!the!Clone!has!been!
responsible!for!what!became!known!as!the!‘Capensis!Calamity’!(Allsopp!1992,!
Neumann!and!Moritz!2002).!While!new!beekeeping!practices!have!reduced!
rates!of!transmission,!the!Clone!lineage!remains!highly!virulent!and!is!still!
responsible!for!the!loss!of!hundreds!of!commercial!Scutellata!colonies!each!year!
(Cobey!1999).!
The!invasion!of!Scutellata!colonies!by!the!Clone!appears!to!be!largely!
dependent!on!apicultural!practices!(Moritz!2002,!Neumann!and!Hepburn!2002,!
Dietemann!et!al.!2006).!Clone!infestation!is!observed!at!only!low!levels!in!the!
wild!Scutellata!population,!and!only!when!the!wild!colonies!are!in!contact!with!
domestic!colonies!(Härtel!et!al.!2006).!Clones!have!difficulty!invading!Scutellata!
colonies!without!assistance!(Moritz!et!al.!2008).!However,!once!a!Clone!has!!
!
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Figure!4! Map!of!South!Africa,!showing!(I)!the!natural!range!of!Capensis,!(II)!the!
stabile!hybrid!zone!between!Capensis!and!Scutellata!and!(III!to!V)!the!South!African!
distribution!of!Scutellata,!(III)!over!much!of!which!the!Clone!can!now!be!found,!
particularly!in!the!North!East..!
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!successfully!established!in!a!host!colony,!the!colony’s!downfall!is!all!but!
inevitable.!!
When!Clones!enter!a!Scutellata!colony,!they!activate!their!ovaries!and!
produce!queenhlike!mandibular!gland!secretions,!despite!the!presence!of!the!
host!queen!(Härtel!et!al.!2011).!Clones!thus!establish!themselves!as!
pseudoqueens,!and!are!tended!to!by!host!workers!as!if!they!were!the!rightful!
Scutellata!queen!of!the!colony!(Figure!5).!The!host!queen!is!soon!lost!as!a!result!
of!lethal!fighting!(Moritz!et!al.!2003)!and!pheromonal!competition!(Moritz!et!al.!
2004,!Dietemann!et!al.!2006).!The!presence!of!reproductively!active!
pseudoqueens!may!suppress!the!development!of!later!Clone!offspring,!
resulting!in!the!establishment!of!dominance!hierarchies!(Härtel!et!al.!2011),!with!
only!a!small!number!of!Clones!reaching!reproductive!dominance!within!the!
host!colony!(Martin!et!al.!2002).!However,!despite!the!suppression!of!
reproduction!in!many!Clone!offspring,!they!rarely!engage!in!work!such!as!
foraging!or!brood!care!(Martin!et!al.!2002).!
Clone!larvae!manipulate!Scutellata!host!nurse!workers,!eliciting!greater!
levels!of!feeding,!with!food!that!is!more!similar!to!that!of!royal!jelly,!than!the!
fare!
!
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Figure!5! Reproductive!Clones!in!a!host!Scutellata!colony.!i.!Darker!bodied!Clones!
(circled!in!red)!are!tended!to!by!host!workers!as!if!they!were!host!queens.!ii.!In!the!later!
stages!of!invasion,!Clones!lay!dozens!of!eggs!in!host!brood!cells!that!should!only!hold!
one.!!
Photos!by!B!Oldroyd!(i)!and!M!Holmes!(ii).!
Figu e 5!
i!
ii!
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normally!provided!to!mere!workers!(Calis!et!al.!2002).!The!resultant!Clones!
have!more!queenhlike!characteristics!than!normal!workers,!including!shorter!
developmental!time,!higher!weight,!larger!spermatheca!and!larger!number!of!
ovarioles,!while!worker!characteristics!such!as!pollen!combs!and!pollen!baskets!
on!their!hind!legs!are!suppressed!(Wirtz!and!Beetsma!1972,!Calis!et!al.!2002).!
The!host!colony!is!soon!overrun!with!Clone!pseudoqueens!and!their!offspring,!
which!only!adds!to!the!burden!of!useless!reproductive!workers!already!
afflicting!the!host!colony.!With!time,!the!number!of!host!workers!dwindles!and!
the!colony!inevitable!declines!and!collapses!(Allsopp!and!Crewe!1993,!Hepburn!
and!Allsopp!1994).!!
A!social!cancer!!
The!analogy!of!the!honeybee!colony!as!a!‘superorganism’!is!well!established!
and!compelling!(e.g.!Wheeler!1911,!Seeley!1989,!Moritz!and!Southwick!1992,!
Moritz!and!Fuchs!1998,!Amdam!and!Seehuus!2006,!Hölldobler!and!Wilson!
2008,!Johnson!and!Linksvayer!2010,!Seeley!2010,!Page!2013).!The!queen!can!be!
compared!to!the!gonads!of!a!multicellular!organism,!supported!by!the!somatic!
cells,!a!role!played!by!workers.!Somatic!cells!do!not!reproduce!themselves,!
instead!they!make!up!the!larger!whole!that!enables!the!gametic!cells!(drones!
and!virgin!queens)!to!survive!and!propagate!into!the!next!generation.!!
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Multicellularity!has!been!able!to!evolve!because!the!cells!that!make!up!
the!multicellular!organism!are!genetically!identical,!having!propagated!from!a!
single!zygote.!Similarly,!worker!bees!forgo!direct!reproduction!in!favour!of!
supporting!the!reproductive!efforts!of!their!queen,!and!through!their!work,!
allowing!the!colony!to!survive!and!send!forth!reproductive!swarms.!Like!the!
cells!of!a!multicellular!organism,!the!individuals!of!a!honey!bee!colony!are!
related!and!so!kin!selection!theory!provides!an!explanation!for!how!individuals!
could!evolve!to!sacrifice!direct!reproduction!in!favour!of!propagating!their!
genes!through!the!reproductive!success!of!related!individuals!(Hamilton!1964).!
Cancer!occurs!in!a!multicellular!organism!when!mutations!in!somatic!
cells!result!in!cellular!replication!without!restraint!(Weinberg!1998).!Similarly,!
in!the!honey!bee!colony,!cheater!workers!regularly!emerge!that!abandon!
reproductive!selfhrestraint!and!reproduce!at!the!expense!of!the!colony!(Oldroyd!
et!al.!1994,!Montague!and!Oldroyd!1998,!Barron!et!al.!2001,!Châline!et!al.!2002,!
Beekman!and!Oldroyd!2008,!Holmes!et!al.!2013).!In!the!Capensis!population!
cheating!occurs!when!daughters!of!the!colony!lay!eggs!in!queen!cells!(Jordan!et!
al.!2008,!Allsopp!et!al.!2010,!Holmes!et!al.!2010,!Moritz!et!al.!2011).!Thus,!these!
workers!can!be!compared!to!cancerous!cells!in!a!multicellular!organism.!This!is!
taken!a!step!further!when!nonhnatal!reproductive!parasites!invade!nonhnatal!
colonies!and!begin!competing!over!reproduction.!We!might!view!nonhnatal!
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reproductive!parasitism!in!the!Capensis!population!as!a!kind!of!transmissible!
cancer.!This!is!not!without!precedent!in!multicellular!organisms.!(See!for!
example,!the!contagious!facial!tumors!of!the!Tasmanian!Devil!Sarcophilus%
harrisii!and!the!sexually!transmitted!cancer!of!domestic!dog!Canis%lupus%
familiaris!(Siddle!and!Kaufman!2013).)!
!The!Clone!is!an!extreme!example!of!this!phenomenon,!a!selfh
propagating!‘cancerous’!lineage!that!reproduces!outside!any!constraint!
imposed!by!the!colony,!while!taking!full!advantage!of!the!resources!it!provides!
(Oldroyd!2002).!The!Clone!goes!further!than!most!cancers!of!multicellular!
organisms,!for!it!is!sometimes!able!to!survive!the!destruction!of!its!host!and!
transfer!to!another.!Moritz!et!al.!(2008)!regard!the!Clone!as!a!parasite!with!high!
virulence!and!low!transmissibility,!resulting!from!shortsighted!withinhhost!
selection!(Levin!1996).!Under!this!model,!the!most!virulent!parasitic!genotype!
outcompetes!less!virulent!genotypes!during!the!infection!phase!of!the!invasion,!
before!horizontal!transmission!occurs,!resulting!in!a!selection!of!a!lineage!with!
high!virulence!but!low!transmission!(Bull!1994).!
As!predicted!by!a!scenario!of!‘shorthsighted!evolution’,!rates!of!
horizontal!Clone!transmission!were!not!only!undetectably!small!in!a!sourceh
sink!experimental!setup!without!apicultural!intervention,!they!were!much!
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lower!than!rates!of!transmission!of!Capensis!workers!taken!from!the!endemic!
Capensis!range!(Moritz!et!al.!2008).!!
The!Clone!emerged!after!the!movement!of!over!200!Capensis!colonies!
into!the!Scutellata!range!(see!above!and!Allsopp!and!Crewe!1993).!Assuming!
that!each!colony!comprised!maybe!20,000!workers,!made!up!of!at!least!20!
patrilines!(Palmer!and!Oldroyd!2000),!the!truckload!of!colonies!comprised!
approximately!4!million!worker!genotypes!and!at!least!four!thousand!
patrilines.!From!these!genotypes!a!single!Clonal!lineage!emerged,!one!selected!
for!high!virulence!within!Scutellata!host!colonies.!Clonal!reproduction!then!
enabled!this!lineage!to!endure!for!generations,!with!its!virulent!genotype!
unchanged!by!sexual!recombination.!!
Maintenance!of!heterozygosity!in!the!Clone!
Thelytoky!in!Capensis!(automixis!with!central!fusion,!see!above)!carries!the!
inherent!feature!of!loss!of!heterozygosity.!Specifically,!wherever!recombination!
exchanges!genetic!material!between!chromosomes!there!is!a!1/3!chance!that!a!
locus!that!is!heterozygous!in!the!mother!will!become!homozygous!in!offspring!
(Pearcy!et!al.!2006,!Oldroyd!et!al.!2008,!Engelstädter!et!al.!2010)!(Figure!1).!
Therefore,!ongoing!generations!of!thelytoky!should!result!in!populationhwide!
homozygosity!at!all!loci!that!are!free!to!recombine!(Goudie!et!al.!2012).!Yet!
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empirical!studies!have!revealed!levels!of!heterozygosity!in!the!Clone!that!are!
remarkably!high!(Baudry!et!al.!2004,!Neumann!et!al.!2010,!Oldroyd!et!al.!2011).!!
Historically,!the!unexpectedly!high!levels!of!heterozygosity!observed!in!
the!Clone!were!attributed!to!a!reduction!in!meiotic!recombination!(Moritz!and!
Haberl!1994,!Baudry!et!al.!2004).!However,!Goudie!et!al!(2012)!demonstrate!that!
a!reduction!in!recombination!is!insufficient!to!explain!current!levels!of!
heterozygosity.!Loss!of!heterozygosity!in!a!thelytokous!lineage!is!cumulative.!
Heterozygous!mothers!produce!homozygous!daughters!at!1/3!the!rate!of!
recombination,!while!homozygous!mothers!produce!homozygous!offspring!
exclusively!(Engelstädter!et!al.!2010,!Goudie!et!al.!2012).!Therefore,!for!any!
realistic!level!of!recombination!(whether!reduced!or!not),!homozygosity!will!
inevitably!accumulate.!After!20!years!of!exclusively!thelytokous!reproduction,!
reduction!in!recombination!cannot!explain!the!maintenance!of!heterozygosity!
in!the!Clone!at!any!but!the!most!centromeric!loci!where!recombination!is!
exceedingly!rare!(Goudie!et!al.!2012).!
Maintenance!of!heterozygosity!in!the!Clone!can!instead!be!explained!by!
selection!against!homozygous!recombinants!at!genes!that!are!subject!to!
heterozygote!advantage!(Oldroyd!et!al.!2011,!Goudie!et!al.!2012).!A!key!
example!of!the!effects!of!this!kind!of!selection!is!the!maintenance!of!
heterozygosity!at!the!complementary!sexhdetermining!locus!(csd).!Honey!bees!
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must!be!heterozygous!at!the!csd!for!the!female!phenotype!to!be!expressed,!
while!haploid!males!are!hemizygous.!Homozygosity!at!the!csd%results!in!the!
production!of!a!diploid!male.!Diploid!males!are!inviable!because!they!are!eaten!
at!early!larval!stages!(Woyke!1963,!Beye!et!al.!2003).!Therefore,!the!csd%locus%is!
homozygous!lethal,!and!any!Clone!offspring!in!which!recombination!results!in!
homozygosity!at!this!locus!will!be!lost!to!cannibalism,!thus!maintaining!
heterozygosity!at!the!csd!in!perpetuity.!
The!csd%is!a!locus!with!known!heterozygous!advantage!(overdominance).!
However,!heterozygosity!is!observed!throughout!the!Clone!genome!at!loci!that!
are!unlinked!to!csd!and!presumed!to!be!selectively!neutral.%How?!There!is!now!
strong!evidence!that!heterozygosity!is!maintained!throughout!much!of!the!
Clone’s!genome!by!selection!acting!on!overdominant!loci!(Goudie!et!al.!2012,!
Goudie!et!al.!2013).!These!putative!overdominant!loci!are!theorised!to!be!in!
linkage!disequilibrium!with!the!marker!loci!that!are!observed!to!be!
heterozygous.!In!support!of!this!theory,!the!frequency!of!homozygosity!is!
significantly!higher!in!Clone!eggs!than!in!larvae!and!pupae,!at!both!the!csd%and!
a!range!of!neutral!markers!unlinked!to!the!csd!(Goudie!et!al.!2012).!These!
analyses!show!that!recombination!occurs!at!normal!or!nearhnormal!rates!in!the!
Clone,!resulting!in!the!production!of!homozygotes,!including!diploid!males.!
However,!these!recombinants!are!rapidly!removed!from!the!population,!
CHAPTER!2!
! F.!GOUDIE!38!
permanently!retaining!heterozygosity!in!the!surviving!Clones!(Goudie!et!al.!
2012,!Goudie!et!al.!2013).!!
!Goudie!et!al.!(2013)!mapped!patterns!of!zygosity!along!chromosomes!III!
and!IV!in!the!Clone!to!determine!the!evolutionary!outcome!of!recombination!
and!selection.!Loss!of!heterozygosity!in!a!Clonal!lineage!is!nonhreversible,!and!a!
single!recombination!event!will!result!in!loss!of!heterozygosity!at!all!markers!
located!in!a!telomeric!direction!from!the!point!of!chiasmata,!unless!a!second,!
concurrent!recombination!event!results!in!restoration!of!heterozygosity!(Figure!
6).!Yet!in!the!Clone,!complete!loss!of!heterozygosity!occurs!in!restricted!regions,!
with!subsequent!restoration!of!heterozygosity!in!telomeric!regions!(Figure!7).!
This!pattern!of!hetero/homohzygosity!along!chromosomes!suggests!that!
overdominant!genes!located!in!the!telomeric!regions!maintain!heterozygosity,!
and!indeed!this!pattern!is!observed!at!the!csd!on!chromosome!III.!Goudie!et!al.!
(2013)!therefore!suggested!that!there!are!at!least!three!overdominant!genes!
maintaining!heterozygosity!on!chromosome!IV,!and!four!genes!(including!the!
csd)!that!maintain!heterozygosity!on!chromosome!III.!
While!low!rates!of!recombination!were!once!thought!to!maintain!
heterozygosity!during!thelytoky,!growing!evidence!suggests!that!usually!high!
rates!of!recombination!may!in!fact!shape!the!evolution!of!the!Capensis!genome!
under!thelytoky.!The!honey!bee!genome!is!characterised!by!very!high!rates!of!!
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Figure!6! i.!A!single!recombination!event!(orange!X)!will!result!in!loss!of!
heterozygosity!at!all!telomeric!markers!(B,!C,!D).!If!a!locus!D!(here!linked!to!the!marker!
C)!is!selectively!overdominant,!such!a!recombinant!genotype!will!be!selected!against.!
ii.!Loss!of!heterozygosity!at!the!marker!B!will!only!be!observed!if!it!is!accompanied!by!
a!second,!concurrent!‘rescue’!recombination!event!(blue!X)!which!restores!
heterozygosity!at!locus!D!which!is!assumed!to!be!under!overdominant!selection!for!
heterozygosity.!!
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Figure!7! The!pattern!of!zygosity!along!chromosomes!III!and!IV,!of!the!Clone,!
incorporating!a!descriptive!model!for!the!maintenance!of!heterozygosity!(Goudie!et!al.!
2013).!Heterozygosity!is!maintained!in!blue!regions!by!linkage!to!a!heterozygosityh
maintaining!factor!(HMF):!the!centromere,!the!csd,!or!putative!genes!under!
overdominant!selection!(A,!B,!C).!As!we!move!down!the!chromosome!towards!the!
telomere,!heterozygosity!is!lost!in!purple!regions!as!a!result!of!a!recombination!event!at!
points!telomeric!to!a!HMF,!but!restored!by!a!second,!concurrent!recombination!which!
occurred!before!the!next!HMF!(e.g.!heterozygosity!is!lost!after!the!overdominant!gene!
A!on!chromosome!III,!but!restored!before!the!gene!B).!In!the!yellow!region!of!
chromosome!IV!heterozygosity!declines!gradually,!suggesting!either!incomplete!
selection,!or!the!escape!from!selection!by!some!sublineages!due!to!double!
recombination!events!that!were!undetected!in!this!analysis.!
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recombination!(4!times!higher!than!most!other!taxa!and!20!times!higher!than!in!
humans!(Beye!et!al.!2006,!Solignac!et!al.!2007)).!Furthermore!the!honey!bee!has!
low!levels!of!positive!interference!(Solignac!et!al.!2004),!i.e.!one!recombination!
event!does!not!suppress!the!probability!of!a!second!recombination!event!
occurring!nearby.!Therefore,!high!frequencies!of!double!recombination!events!
within!relatively!small!genome!distances!are!not!unexpected!in!a!honey!bee!
genome.!It!is!these!doublehrecombination!events!that!are!required!to!generate!
the!genotypes!that!allow!selection!to!maintain!heterozygosity!at!isolated!
overdominant!loci!under!selection,!while!heterozygosity!is!lost!along!the!
majority!of!the!chromosome!(above,!Goudie!et!al.!2013).!!
High!rates!of!recombination!and!positive!interference!in!the!honey!bee!
have!recently!been!linked!to!a!high!rate!of!gene!conversion!without!crossover!
(nonhcrossover)!events!(Bessoltane!et!al.!2012).!In!fact!recombination!events!are!
more!frequent!in!the!honey!bee!genome!than!crossover!events.!Allelic!gene!
conversion!(the!replacement!of!one!allele!with!another!at!the!same!locus)!can!
result!in!loss!of!heterozygosity!during!thelytoky.!However,!nonhallelic!gene!
conversion!(the!replacement!of!an!allele!with!another!from!a!different!locus)!
could!in!fact!increase!genetic!diversity,!even!in!a!clonal!population.!It!is!thus!
possible!that!gene!conversion!may!counter!loss!of!heterozygosity!during!
thelytoky.!The!degree!to!which!gene!conversion!occurs!in!Capensis!remains!to!
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be!established,!as!does!the!impact!that!gene!conversion!may!have!on!the!
alreadyhdocumented!selective!processes!that!retain!heterozygosity!in!the!Clone!
(Goudie!et!al.!2012,!Goudie!et!al.!2013).!!
Clone!drones!!
Recent!evidence!has!shown!that!Clones!do!not!reproduce!exclusively!via!
thelytoky,!as!had!previously!been!assumed!(Lattorff!et!al.!2005).!Haploid!male!
eggs!were!detected!in!the!brood!of!Clone!workers,!at!a!frequency!of!one!in!eight!
(Goudie!et!al.!2012).!In!larvae!of!the!Clones!the!frequency!of!haploid!males!
dropped!fivefold!relative!to!eggs,!suggesting!strong!selection!against!Clone!
males,!though!this!selective!removal!may!have!arisen!as!a!result!of!haploid!
male!eggs!being!laid!in!worker!cells.!Preliminary!evidence!now!suggests!that!a!
few!Clone!drones!survive!to!maturity.!A!single!adult!haploid!male!carrying!
Clone!alleles!at!all!loci!tested!(n!=!9)!was!detected!among!78!black!drones!
collected!from!Clonehinfested!Scutellata!colonies!(Goudie!et!al.!2015).!Thus,!
despite!the!apparent!low!frequency!of!adult!Clone!drones,!our!singular!
example!(thus!far)!shows!that!some!haploid!males!produced!by!the!Clone!
lineage!are!able!to!reach!maturity.!It!is!therefore!possible!that!Clone!drones!
mate!with!Scutellata!queens,!resulting!in!introgression!of!Clone!alleles!in!to!the!
Scutellata!population.!This!further!raises!the!possibility!of!contagious!
parthenogenesis!(Engelstädter!et!al.!2010)!in!which!the!rare!production!of!males!
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by!clonal!lineages!leads!to!the!transmission!of!alleles!conferring!asexuality!into!
otherwise!sexual!populations.!
The!genetics!of!thelytoky!in!Capensis!!
Thelytoky!in!Capensis!is!thought!to!be!controlled!by!a!single!recessive!locus!
termed!thelytoky%(th)!(Lattorff!et!al.!2005).!However,!backcross!experiments!
suggest!that!while!th%plays!a!major!role!in!determining!the!thelytoky!
phenotype,!the!genetic!basis!of!thelytoky!may!be!a!little!more!complex!than!is!
currently!appreciated!(Chapman!et!al.!2014).!Furthermore,!the!frequent!
production!of!haploid!eggs!by!Clones!(with!the!putative!genotype!th,th)!
suggests!that!the!th!locus!may!not!have!complete!expressivity!(Goudie!et!al.!
2012).!Alternatively,!errors!in!thelytoky!may!be!frequent!in!this!lineage.!
Under!the!single!gene!model!for!thelytoky,!it!has!been!proposed!that!
differential!splicing!of!the!transcription!factor!CP2,!a!homolog!for!the!Drosophila!
transcription!factor!gemini,!results!in!the!development!of!the!thelytokous!
phenotype!(Jarosch!et!al.!2011).!Splice!forms!of!CP2%in!Capensis!workers!are!
more!similar!to!those!of!sexual!queens!than!arrhenotokous!workers!in!other!
subspecies.!Jarosch!et!al.!(2011)!suggest!that!thelytoky!in!Capensis!may!be!
determined!by!the!lack!of!a!short!splice!enhancer!motif.!Knockdown!of!this!
motif!in!arrhenotokous!workers!results!in!rapid!ovary!activation,!which!is!one!
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of!a!number!of!features!that!characterise!the!highly!reproductive!Capensis!
worker!phenotype.!!
Capensis!and!sex!
Capensis,!and!in!particular!the!Clone,!provides!a!valuable!model!with!which!to!
investigate!the!genetic!and!evolutionary!consequences!of!thelytokous!
parthenogenesis,!providing!unique!insights!into!the!evolutionarily!tradeoff!
between!sex!and!asexuality!that!drives!the!distribution!of!reproductive!
strategies!among!animal!taxa.!
Sexual!reproduction!is!the!predominant!form!of!reproduction!among!
multicellular!organisms!(White!1984,!Suomalainen!et!al.!1987),!yet!the!near!
ubiquity!of!sexual!reproduction!remains!an!enduring!evolutionary!mystery.!
Many!potential!benefits!of!sex!have!been!proposed!and!investigated!(see,!Otto!
and!Gerstein!2006,!Engelstädter!2008).!These!seek!to!deal!with!the!fundamental!
question!of!how!an!allele!imparting!sexual!reproduction!could!outcompete!an!
allele!causing!asexual!reproduction!when!sexuality!reduces!the!reproductive!
potential!of!a!female!by!a!factor!of!two,!as!a!consequence!of!the!production!of!
males!that!do!not!themselves!reproduce.!!
In!Capensis,!we!observe!three!unique!female!reproductive!phenotypes:!
the!queen,!the!worker,!and!the!Clone.!Each!of!these!utilise!the!same!basic!
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genotype,!however,!the!interplay!of!lifehhistory!with!the!costs!and!benefits!of!
sex!and!asexuality!has!resulted!in!the!evolution!of!distinctly!different!
reproductive!strategies.!!
The!queen!!
At!first!it!appears!perplexing!that!the!Capensis!queen!forgoes!thelytoky.!
Thelytokous!reproduction!would!allow!a!Capensis!queen!to!produce!daughter!
queens!that!are!related!to!her!by!unity!(r!=!1).!Like!certain!thelytokous!ant!
species,!she!could!perhaps!continue!to!employ!sexual!reproduction!to!produce!
workers!(Cataglyphis%cursor!(Pearcy!et!al.!2004);!Wasmannia%auropunctata!
(Fournier!et!al.!2005);!Vollonhovia%emeryi%(Kobayashi!et!al.!2008)),!gaining!the!
best!of!both!evolutionary!worlds:!effective!genetic!immortality!in!her!
reproductive!offspring,!and!genetic!variability,!with!its!associated!benefits!
(Jones!et!al.!2004,!Mattila!and!Seeley!2007,!Oldroyd!and!Fewell!2007,!Seeley!and!
Tarpy!2007)!in!her!workers.!Thelytoky!is!a!very!real!evolutionary!option!for!a!
Capensis!queen.!A!virgin!Capensis!queen!can!reproduce!both!thelytokously!
and!arrhenotokously!when!induced!to!start!laying!by!double!narcosis!with!CO2!
(Allsopp!and!Crewe!1993,!Oldroyd!et!al.!2008).!Yet,!despite!the!potential!
benefits,!there!is!no!evidence!that!mated!Capensis!queens!ever!lay!thelytokous!
eggs!(Jordan!et!al.!2008,!Holmes!et!al.!2010,!Moritz!et!al.!2011),!strongly!
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suggesting!that!for!the!Capensis!queen!the!costs!of!thelytoky!outweigh!the!costs!
of!sex.!!
A!honey!bee!colony!reproduces!via!the!production!of!drones!and!
swarms.!The!queen!leaves!the!colony!heading!a!swarm!comprised!of!about!half!
the!workers,!leaving!behind!a!small!number!of!queen!cells!containing!her!
queenhdestined!daughters.!One!of!these!daughters!will!inherit!the!original!
colony,!while!one!or!two!others!may!head!secondary!swarms!that!have!lower!
survival!than!the!first!(Hepburn!and!Radloff!1998,!Seeley!2010).!Thus,!queens!
entrust!their!reproductive!futures!in!a!tiny!number!of!daughter!queens.!Any!
reduction!in!larval!viability!associated!with!thelytoky!may!therefore!have!a!
substantial!impact!on!a!queen’s!fitness!(her!larva!may!be!usurped!by!that!of!a!
nonhnatal!worker),!which!is!compounded!by!the!absence!of!the!many!benefits!
associated!with!sexual!reproduction!(Otto!and!Gerstein!2006).!!
A!queen!that!produces!daughter!queens!asexually!and!daughter!workers!
sexually!would!come!into!direct!conflict!with!her!worker!daughters.!She!would!
share!twice!as!many!alleles!with!her!own!thelytokouslyhproduced!queen!
daughter!(r!=!1)!than!she!would!with!the!thelytokouslyhproduced!daughters!of!
her!sexuallyhproduced!worker!(r!=!0.5)!(Figure!8).!A!queen!that!produces!both!
worker!and!queen!offspring!thelytokously!eliminates!this!competition,!but!in!
the!process,!massively!reduces!the!genetic!diversity!of!her!work!force!and!so!!
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Figure!8! The!three!evolutionary!options!for!Capensis!queens.!The!queen!in!each!
pedigree!is!circled!by!a!red!dashed!highlight.!All!values!refer!to!her!relatedness!(r)!to!
each!individual!in!the!pedigree.!!
a)!! A!queen!that!produces!workers!sexually!(ii)!and!new!queens!thelytokously!(ii)!
maximises!her!relatedness!to!her!queen!daughters!while!maintaining!genetic!diversity!
in!her!worker!force.!However,!she!will!come!into!conflict!with!her!daughters.!She!is!
twice!as!related!to!her!own!queen!daughter!(ii)!as!she!is!to!a!workerhproduced!queen!
(iii).!!
b)!! A!queen!that!produces!both!worker!(i)!and!queen!(ii)!daughters!thelytokously!
avoids!competition.!She!is!equally!and!maximally!related!to!her!own!queen!daughter!
(ii)!as!she!is!to!a!workerhproduced!queen!(iii).!However,!she!has!much!reduced!genetic!
diversity!in!her!colony,!which!may!suffer!from!reduced!disease!resistance!and!less!
efficient!task!allocation.!!
c)!! A!queen!that!produces!both!worker!(i)!and!queen!(ii)!daughters!sexually!also!
avoids!conflict!with!her!female!offspring,!while!maintaining!genetic!diversity!in!the!
colony.!In!this!scenario,!which!is!what!we!also!see!in!reality,!the!queen!only!shares!half!
her!alleles!with!her!queen!daughters.!However,!when!we!take!into!account!the!
evolutionary!alternatives!(a!and!b),!we!see!that!this!strategy!maximises!queen!fitness.!
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potentially!the!fitness!of!the!colony!upon!which!she!relies!to!raise!her!
reproductive!offspring!(Figure!8).!However,!a!sexual!queen!is!equally!related!to!
her!sexual!daughter!as!she!is!to!her!thelytokouslyhproduced!granddaughter!
(Figure!8).!Therefore,!provided!her!workers!are!working!(and!not!just!breeding,!
(Hillesheim!et!al.!1989),!a!queen!is!predicted!to!be!indifferent!to!the!production!
of!new!queens!by!natalhworkers!(Greeff!1996,!Beekman!and!Oldroyd!2008).!!
The!typical!Capensis!worker!
Thelytoky!massively!increases!the!reproductive!potential!of!a!Capensis!worker,!
enabling!her!to!produce!diploid!daughters!and!to!compete!with!her!mother!and!
fellow!workers!over!the!production!of!new!queens.!Not!only!does!thelytoky!
increase!the!reproductive!potential!of!the!Capensis!worker,!it!fundamentally!
alters!the!kin!structure!of!a!Capensis!colony!relative!to!that!of!an!arrhenotokous!
colony,!eliminating,!or!greatly!reducing,!the!selective!pressures!that!normally!
drive!workers!to!suppress!the!reproductive!proclivities!of!their!worker!sisters!
(Greeff!and!Villet!1993,!Moritz!et!al.!1999).!Honey!bee!queens!are!extremely!
polyandrous!(Palmer!and!Oldroyd!2000)!and!as!a!result!workers!within!a!
colony!are!mainly!half!sisters.!Thus,!in!an!arrhenotokous!colony!a!worker!is!
more!closely!related!to!the!sons!of!her!mother!(r!=!0.25)!than!to!the!sons!of!a!
fellow!worker!(r!=!0.125).!While!a!worker!might!benefit!from!producing!her!
own!sons!(r!=!0.5),!collectively!workers!prefer!to!raise!the!sons!of!their!mother!
THELYTOKY!IN!THE!HONEY!BEE!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 49!
(Ratnieks!1988).!As!a!result!worker!policing!has!evolved,!where!workers!eat!
eggs!that!have!not!been!laid!by!the!queen!(Ratnieks!and!Visscher!1989).!In!
contrast,!Capensis!workers!can!benefit!immensely!from!personal!reproduction,!
while!the!queen!and!other!workers!are!largely!indifferent!to!it,!provided!it!does!
not!unduly!reduce!colony!productivity!(Greeff!and!Villet!1993,!Moritz!et!al.!
1999,!Beekman!et!al.!2002,!Pirk!et!al.!2002,!Beekman!et!al.!2009).!While!the!
Capensis!worker!still!benefits!more!from!producing!her!own!offspring!than!
from!raising!the!offspring!of!another,!she!is!indifferent!to!whether!the!offspring!
of!other!females!are!produced!by!workers!or!the!queen.!Thus,!instead!of!
policing,!direct!worker!competition!is!expected!to!evolve,!and!is!observed!
(Moritz!et!al.!1996,!Jordan!et!al.!2008,!Moritz!et!al.!2011).!
As!described!above,!thelytoky!incurs!a!cost!in!Capensis!workers;!a!1/3!
loss!of!heterozygosity!per!generation!for!any!locus!that!is!free!to!recombine.!So!
for!example,!1/3!of!eggs!laid!by!Capensis!workers!should!be!inviable!diploid!
males.!However,!the!reproductive!Capensis!worker!takes!advantage!of!
reproductive!opportunities!that!are!otherwise!unavailable.!Unlike!the!Capensis!
queen,!sex!is!not!an!evolutionary!option!for!the!worker,!while!thelytoky!
provides!a!worker!with!a!window!of!opportunity!to!be!genetically!reincarnated!
to!the!queen!phenotype.!A!worker’s!thelytokouslyhproduced!daughter!queen!
subsequently!reproduces!sexually,!and!so!the!cost!of!thelytoky!in!the!worker!is!
CHAPTER!2!
! F.!GOUDIE!50!
only!paid!over!a!single!generation;!loss!of!heterozygosity!does!not!compound!
once!the!worker!is!reincarnated!as!a!queen.!!
The!thelytokous!worker!has!everything!to!gain!and!little!to!lose!through!
thelytokous!parthenogenesis,!particularly!when!frequencyhdependent!selective!
forces!maintain!‘cheater’!parasitic!lineages!(a!potential!cost!of!thelytoky)!at!low!
levels!that!do!not!jeopardise!the!stability!of!the!eusocial!colony!(Hillesheim!et!
al.!1989).!!
The!Clone!
The!introduction!of!highly!reproductive!Capensis!workers!to!Scutellata!colonies!
enables!the!emergence!of!asexual!lineages!that!are!completely!liberated!from!
reliance!on!a!sexual!queen!for!their!vicarious!reproduction.!However,!for!
thelytoky!to!endure!over!evolutionary!time,!a!cost!must!be!paid.!Maintenance!
of!heterozygosity!by!selection!requires!the!removal!of!homozygous!
recombinant!offspring!each!and!every!generation.!To!be!specific,!heterozygosity!
will!be!maintained!at!a!locus!provided!that!the!number!of!homozygotes!that!
can!be!removed!by!selection!is!equal!to!or!greater!than!the!number!being!
produced!by!recombination!(Goudie!et!al.!2012).!Therefore,!for!a!thelytokous!
lineage!such!as!the!Clone!to!endure,!the!benefits!of!thelytoky!must!outweigh!
the!perhgenerational!cost!in!reduced!viability,!which!is!necessary!to!maintain!
the!integrity!of!the!clonal!genome.!We!(Goudie!et!al.!2012)!proposed!that!the!
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parasitic!lifehhistory!of!the!Clone!does!indeed!make!it!ideally!suited!to!enduring!
this!cost.!!
During!an!invasion,!Clone!workers!lay!a!massive!number!of!eggs.!
Eventually!brood!cells!that!should!only!hold!one!egg!become!packed!with!
dozens!of!Clone!progeny!(Figure!5).!Only!a!tiny!proportion!of!these!eggs!can!
ever!be!expected!to!hatch,!let!alone!emerge!as!an!adult,!survive!colony!collapse!
and!continue!the!invasive!cycle!(Martin!et!al.!2002,!Neumann!and!Hepburn!
2002).!And!for!a!Clone,!the!production!of!these!eggs!is!cheap;!she!is!waited!on,!
mandible!and!tarsus,!by!her!hosts,!taking!no!part!in!nonhreproductive!tasks,!
such!as!foraging!and!brood!care.!Any!of!her!offspring!that!emerge!are!
abandoned!to!the!care!of!their!hosts,!from!whom!Clones!elicit!a!level!of!
attention!normally!reserved!for!royalty!(Beekman!et!al.!2000,!Allsopp!et!al.!
2003).!A!Clone!can!therefore!dedicate!her!life!to!producing!thelytokous!eggs,!in!
the!hope!that!some!will!reach!maturity.!High!rates!of!reproduction,!low!
maternal!investment!and!concordantly!high!mortality!are!an!inherent!part!of!
the!Clone’s!parasitic!reproductive!strategy!h!when!the!vast!majority!of!eggs!
cannot!be!raised!to!maturity,!it!hardly!matters!if!many!of!them!are!inviable.!
Of!queens,!workers!and!Clones!
While!thelytoky!imposes!high!costs,!it!allows!the!Clone!to!exploit!a!new!niche!
that!would!otherwise!be!unavailable,!that!of!social!parasitism.!Parasitism!is!
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both!the!means!by!which!the!Clone!benefits!from!going!without!sex,!and!the!
means!in!which!it!is!able!to!endure!the!costs!of!thelytoky.!Workers!from!the!
sexual!Capensis!population,!in!contrast,!play!the!odds,!giving!thelytoky!a!go!
because!they!have!no!other!avenue!for!direct!reproduction,!while!still!being!
relatively!assured!of!the!indirect!benefits!of!a!eusocial!existence.!In!the!queen!
we!see!the!more!standard!outcome!to!the!evolutionary!tradeoff!between!sex!
and!asexuality,!the!costs!of!thelytoky!may!be!too!high!a!price!when!the!queen’s!
reproductive!future,!and!that!of!the!colony,!is!vested!in!a!small!number!of!
potentially!reproductive!daughters.!
Using!Capensis!and!its!Clone!as!a!model,!we!suggest!that!the!costs!and!
benefits!of!sex!and!asexuality!should!be!considered!in!a!more!conditional!
context!than!is!often!the!case.!The!specific!life!history!of!a!population,!and!the!
outcomes!of!the!mode!of!thelytoky!it!employs,!must!be!examined!to!account!for!
where!costs!and!benefits!are!imposed,!and!where!they!can!be!endured.!
The!evolution!of!thelytoky!in!Apis!!
Thelytoky!in!Apis%more!broadly!!
Capensis!appears!to!be!the!only!honey!bee!in!which!thelytoky!is!ubiquitous.!
However,!Mackensen!(1943)!reported!that!approximately!one!percent!of!eggs!
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produced!by!virgin!queens!of!the!Italian!(A.%m.%ligustica)!and!Caucasian!(A.%m.%
caucasia)!subspecies!were!female,!the!result!of!thelytokous!parthenogenesis.!
(Mackensen’s!experimental!queens!had!been!exposed!to!double!CO2!narcosis,!
which!induces!oviposition!in!honey!bee!queens,!normally!resulting!in!the!
production!of!arrhenotokous!males.)!The!low!frequency!of!thelytokous!
reproduction!may!well!be!the!result!of!errors!in!arrhenotokous!
parthenogenesis.!However,!the!regularity!with!which!thelytokous!offspring!
was!observed!by!Mackensen!(1943)!suggests!that!thelytoky!is!a!threshold!
character!that!can!be!released!with!relatively!small!genomic,!and!perhaps!
environmental,!changes.!!
This!conjecture!is!supported!by!the!frequency!with!which!thelytokous!
reproductive!systems!are!being!identified!in!another!taxon!of!eusocial!
Hymenoptera.!Thelytoky!is!relatively!common!in!ants!(Rabeling!and!Kronauer!
2013)!and!the!number!of!known!thelytokous!ant!species!has!dramatically!
increased!over!the!last!few!years,!as!more!species!are!investigated!with!
molecular!techniques.!Importantly,!thelytoky!in!ants!appears!to!be!associated!
with!invasive!lifehhistories!(Rabeling!and!Kronauer!2013).!
While!not!a!honey!bee,!the!solitary!little!carpenter!bee!Ceratina%
dellatorreana!has!been!reported!to!reproduce!thelytokously.%As!with!many!ants,!
thelytoky!in!C.%dellatorreana%was!observed!in!an!invasive!population,!where!it!is!
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hypothesised!to!have!facilitated!its!introduction!(Daly!1966).!However,!no!
further!information!is!available!on!C.%dellatorreana.!
It!appears!very!possible!that!more!thelytokous!bees!are!waiting!to!be!
discovered.!Even!wellhstudied!populations!in!which!both!males!and!females!are!
present!can!be!producing!thelytokous!females!that!are!not!detectable!until!we!
look!for!them!explicitly,!usually!with!molecular!techniques.!
Thelytoky!in!Apis%cerana%
Evidence!is!currently!accumulating!that!indicates!that!another!species!of!honey!
bee,!the!Asiatic!honey!bee!Apis%cerana,!reproduces!thelytokously!(Holmes!et!al.!
2015).!!
In!recent!years,!an!invasive!population!of!Apis%cerana%was!identified!in!
Queensland,!Australia!(Koetz!2013).!A!single!reproductive!swarm!probably!
founded!this!population,!and!as!such!the!population!has!limited!genetic!
diversity.!We!hypothesise!that!thelytoky!may!have!enabled!the!successful!
establishment!of!this!invasive!population.!A!disturbing!possibility!is!that!
interspecific!matings!between!A.%cerana%males!and!A.%mellifera!queens!may!
induce!thelytoky!in!A.%mellifera%queens!(unpublished!data).!
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The!evolution!of!thelytoky!in!Capensis!!
Thelytoky!may!have!evolved!to!be!ubiquitous!in!Capensis!during!periods!of!the!
Pleistocene!in!which!rising!sea!levels!isolated!the!Cape!Peninsula!from!the!rest!
of!the!African!continent!(Ruttner!1977).!It!was!once!feared!that!the!world’s!only!
known!thelytokous!bee!would!be!overrun!by!the!more!aggressive!and!
widespread!Scutellata!subspecies!(a.k.a.!the!African!killer!bee)!(Ruttner!1977).!
This!fear!is!ironic!in!hindsight,!given!that!we!now!know!that!Scutellata!comes!
off!second!best!when!bought!into!contact!with!Capensis.!In!reality!a!stable!
hybrid!zone!that!neither!subspecies!is!able!to!cross!without!human!intervention!
(Beekman!et!al.!2008)!now!separates!the!two!populations.!Hybrid!or!mixed!
colonies!of!Capensis!and!Scutellata!are!assumed!to!suffer!from!reduced!fitness!
(Beekman!et!al.!2008,!Beekman!et!al.!2012),!though!evidence!for!this!hypothesis!
is!currently!lacking.!Scutellata!drones!and!virgin!queens!may!outcompete!
Capensis!at!mating!leks.!However,!even!low!frequencies!of!Capensis!genotypes!
within!a!mixed!subspecies!colony!is!expected!to!result!in!a!misallocation!of!
resources!by!easilyhduped!Scutellata!workers,!leading!to!the!production!of!
morehreproductive!Capensis!workers,!and!a!breakdown!in!regulation!of!worker!
reproduction!(Beekman!et!al.!2008).!
It!has!been!hypothesised!that!thelytoky!in!Capensis!originally!evolved!in!
response!to!high!rates!of!queen!loss!on!the!windy!and!often!inclement!Cape!
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Peninsular!(Tribe!1983).!Thelytoky!does!indeed!provide!Capensis!with!the!
means!to!produce!a!new!queen!when!arrhenotokous!subspecies!might!fail.!
However,!given!the!global!range!of!the!honey!bee,!it!seems!highly!unlikely!that!
any!environmental!conditions!experienced!by!Capensis!are!so!unique!that!they!
alone!have!driven!the!evolution!of!such!a!distinctly!divergent!reproductive!
strategy.!!
We!suggest!that!the!evolution!of!thelytoky!in!Capensis!was!facilitated!by!
genetic!drift!in!a!small,!isolated,!population.!While!queen!replacement!may!
have!played!a!role!in!selecting!for!thelytoky,!a!range!of!other!factors!would!
have!been!required!for!thelytoky!to!become!ubiquitous!in!the!population.!Even!
assuming!that!thelytoky!occurs!at!low!frequency!in!otherwise!arrhenotokous!
honey!bee!populations,!workers!laying!thelytokous!eggs!in!drone!cells!run!into!
a!genetic!dead!end,!because!these!eggs!will!never!develop!to!queens.!Thus,!
thelytoky!would!not!be!selected!for!until!such!time!as!it!cohoccurs!with!a!
heritable!behavioural!variant!in!which!workers!target!their!reproductive!efforts!
towards!queen!cells.!Furthermore,!thelytoky!emerging!from!a!background!of!
worker!arrhenotoky,!does!so!in!an!environment!of!intense!worker!policing!
(Ratnieks!1988).!Selection!to!reduce!worker!policing!will!not!occur!until!after!
thelytoky!has!become!ubiquitous.!Thus,!policing!acts!as!an!evolutionary!barrier,!
reducing!or!eliminating!any!immediate!payoff!from!thelytoky.!!
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If!thelytoky!is!to!reach!a!high!frequency!in!a!honey!bee!population,!
multiple!factors!must!fall!into!place!concurrently:!a!thelytokous!mode!of!
worker!reproduction,!targeting!of!worker!reproduction!to!queen!cells,!and!the!
relaxation!of!worker!policing.!In!a!large,!outbred!population!the!suppression!of!
worker!reproduction!by!worker!policing!may!significantly!reduce!variance!in!
both!the!mode!and!target!of!worker’s!reproductive!efforts.!Thus,!thelytoky!is!
unlikely!to!emerge.!However,!in!a!small,!isolated!population,!faced!with!
additional!pressures!such!as!a!high!rate!of!queen!loss!(above),!genetic!drift!and!
founder!effects!may!have!resulted!in!the!necessary!combination!of!factors!
falling!into!place!for!thelytoky!to!reach!a!stable!point!in!the!population.!!
Conclusion!
The!honey!bee!has!played!an!important!role!in!driving!and!informing!
evolutionary!theory,!a!role!that!shows!no!sign!of!ending!soon.!Here!we!have!
shown!that!the!honey!bee,!and!particularly!the!Capensis!subspecies,!has!much!
to!contribute!to!questions!concerning!the!evolution!of!sex!and!asexuality.!In!
Capensis!sex!and!asex!cohexist,!distributed!among!castes!and!lineages!that!share!
the!same!genetic!background.!Differing!lifehhistories!result!in!divergent!
outcomes!when!the!costs!and!benefits!of!sex!and!asexuality!come!into!conflict.!
We!suggest!that!the!broader!question!of!why!sex!evolved!from!ancestral!asex,!
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and!how!it!has!been!maintained,!should!be!addressed!with!an!eye!for!more!
conditional!costs!and!benefits.!!
We!further!propose!that!there!may!be!broader!implications!to!the!
insights!provided!by!bees,!ants!and!the!haplodiploid!Hymenoptera!in!general.!
In!these!species,!a!form!of!asexual!reproduction,!arrhenotoky,!is!ancestral.!
While!arrhenotokous!species!still!require!sex!for!the!production!of!females,!this!
reproductive!system!is!hypothesised!to!predispose!haplodiploids!to!the!
evolution!of!true,!thelytokous,!asexuality!(Engelstädter!2008,!Rabeling!and!
Kronauer!2013,!Vorburger!2014).!In!nonharrhenotokous!species!the!transition!
from!sex!back!to!asexuality!is!not!as!easy!(Engelstädter!2008)!and!so!the!
evolution!of!sex!may!be,!in!most!circumstances,!a!onehway!street.!The!question!
of!“why!is!sex!always!better!then!asex?”!then!becomes!“why!is!sex!ever!better!
then!asex?”!Sexual!reproduction!may!evolve!in!a!species!during!a!period!in!
which!environmental!conditions!are!such!that!the!evolutionary!tradeoff!
between!sex!and!asex!is!similar!to!that!faced!by!the!Capensis!queen,!i.e.!the!
need!to!invest!maximally!in!a!limited!number!of!offspring.!However,!having!
taken!this!route!they!cannot!simply!switch!back!to!asex!when!conditions!
change.!And!so!it!is!possible!that!there!are!many!potential!Clones!waiting!to!
emerge,!but!for!these!species!asexuality!is!not!a!realistic!evolutionary!option,!
despite!the!benefits!it!may!confer.!
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CHAPTER 3 
MAINTENANCE AND LOSS OF 
HETEROZYGOSITY IN A THELYTOKOUS 
LINEAGE OF APIS MELLIFERA CAPENSIS 
Frances!Goudie,!Michael!H.!Allsopp,!Madeleine!Beekman,!Peter!R.!Oxley,!
Julianne!Lim,!Benjamin!P.!Oldroyd!
A%version%of%this%chapter%was%published%as:%Goudie,!F.,!M.!H.!Allsopp,!M.!Beekman,!
P.!R.!Oxley,!J.!Lim!and!B.!P.!Oldroyd!(2012)!Maintenance!and!loss!of!
heterozygosity!in!a!thelytokous!lineage!of!honey!bees!(Apis%mellifera%
capensis).!Evolution!66:!1897h1906!
ABSTRACT! An! asexual! lineage! that! reproduces! by! automictic! thelytokous!
parthenogenesis! has! a! problem:! rapid! loss! of! heterozygosity! resulting! in!
effective!inbreeding.!Thus,!the!circumstances!under!which!rare!asexual!lineages!
thrive!provide!insights!into!the!tradeoffs!that!shape!the!evolution!of!alternative!
reproductive! strategies! across! taxa.! A! socially! parasitic! lineage! of! the! Cape!
honey!bee,!Apis%mellifera%capensis,!provides!an!example!of!a!thelytokous!lineage!
CHAPTER!3!
! F.!GOUDIE!80!
that! has! endured! for! over! two!decades.! It! has! been!proposed! that! cytological!
adaptations!slow!the!loss!of!heterozygosity!in!this!lineage.!However,!we!show!
that! heterozygosity! at! the! complementary! sex! determining! (csd)! locus! is!
maintained! via! selection! against! homozygous! diploid! males! that! arise! from!
recombination.! Further,! because! zygosity! is! correlated! across! the! genome,! it!
appears! that! selection! against! diploid!males! reduces! loss! of! homozygosity! at!
other! loci.! Selection! against! homozygotes! at! csd! results! in! substantial! genetic!
load,! so! that! if! a! thelytokous! lineage! is! to! endure,! unusual! ecological!
circumstances! must! exist! in! which! asexuality! permits! such! a! high! degree! of!
fecundity! that! the! genetic! load! can! be! tolerated.! Without! these! ecological!
circumstances,! sex! will! triumph! over! asexuality.! In! A.% m.% capensis,% these!
conditions!are!provided!by!the!parasitic!interaction!with!its!conspecific!host,!A.%
m.%scutellata.!!
paradox!of!sex,!parthenogenesis,!asexual,!thelytoky,!Apis%mellifera%capensis!
Introduction!!
A!sexually!reproducing!female!dilutes!her!genetic!contribution!to!her!offspring!
with!the!alleles!of!a!male!from!which!she!generally!receives!nothing!in!return.!
All!else!being!equal,!the!reproductive!output!of!an!asexual!population!is!twice!
that!of!a!sexual!one!because!in!an!asexual!population!all!individuals!reproduce.!
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Despite!this!‘twohfold!cost’,!sexual!reproduction!is!near!ubiquitous!among!
animals,!where!only!around!0.1%!of!species!show!any!type!of!asexual!
reproduction!(White!1984,!Suomalainen!et!al.!1987).!This!evolutionary!puzzle!
has!become!known!as!the!‘Paradox!of!Sex’!(Williams!1975,!Maynard!Smith!
1978).!!
Widespread!enquiry!has!lead!to!the!identification!of!potential!benefits!of!
sex!over!asexuality,!but!it!remains!unclear!as!to!whether!any!are!sufficient!to!
explain!the!overwhelming!prevalence!of!sexual!reproduction.!What!is!clear!is!
that!the!benefits!of!sex!favour!sexual!reproduction!in!the!vast!majority!of!
species,!making!the!endurance!of!rare!parthenogenetic!lineages!perhaps!the!
greater!evolutionary!mystery!(Maynard!Smith!1986,!Judson!and!Normark!
1996).!Thus,!parthenogenetic!lineages!that!are!derived!from!sexual!populations!
and!propagate!clonally!for!multiple!generations!provide!informative!model!
systems!for!investigating!the!tradeoffs!between!sex!and!asexuality.!!
Honey!bees!(Apis%mellifera)!are!haplodiploid!eusocial!insects.!In!most!
honey!bees!diploid!females!are!produced!sexually,!and!exclusively!by!the!
queen.!Haploid!males!develop!from!unfertilised!eggs!via!arrhenotokous!
parthenogenesis.!Both!queens!and!workers!have!the!potential!to!lay!unfertilised!
eggs,!however!workers!almost!never!do!so,!except!when!their!colony!becomes!
queenless.!One!subspecies,!the!Cape!honey!bee,!A.%m.%capensis!(hereafter!
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Capensis)!is!different.!As!with!other!honey!bees,!Capensis!queens!produce!
diploid!female!offspring!sexually!and!haploid!male!offspring!asexually.!
However,!when!a!Capensis!colony!becomes!queenless!and!during!periods!of!
reproductive!swarming!(Beekman!et!al.!2009),!workers!lay!unfertilised!eggs!that!
undergo!a!modified!form!of!meiosis!to!develop!into!diploid!females!by!
thelytokous!parthenogenesis!(Verma!and!Ruttner!1983).!!
Thelytoky!in!Capensis!predisposes!workers!to!social!parasitism!(Greeff!
1996,!Dietemann!et!al.!2006,!Härtel!et!al.!2006,!Beekman!and!Oldroyd!2008,!
Jordan!et!al.!2008).!Lineages!of!clonally!propagating!workers!regularly!emerge!
and!infest!colonies!in!the!sexual!Capensis!population!at!low!levels!(Jordan!et!al.!
2008,!Holmes!et!al.!2010).!However,!on!at!least!three!occasions,!one!current!and!
two!historical!(Martin!et!al.!2002),!lineages!of!reproductive!workers!have!
emerged!that!have!infested!the!strictly!arrhenotokous!population!of!A.%m.%
scutellata%(hereafter!Scutellata),!that!exists!north!of!the!Capensis!range!(Beekman!
et!al.!2008).!The!current!clonal!Capensis!lineage!(hereafter!Clone)!comprises!
millions!of!socially!parasitic!workers!that!infest!thousands!of!commercial!
colonies!each!year.!Genotyping!studies!show!that!the!Clone!lineage!is!
descended!from!a!single!worker!that!lived!in!1990!(Baudry!et!al.!2004,!
Neumann!et!al.!2010,!Oldroyd!et!al.!2011).!!
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The!form!of!thelytoky!observed!in!Capensis!workers!is!automictic!
(meiotic)!parthenogenesis!with!central!fusion.!Meiosis!commences!in!the!usual!
manner,!resulting!in!four!haploid!pronuclei.!Diploidy!is!restored!by!the!fusion!
of!the!two!central!pronuclei!(Verma!and!Ruttner!1983).!In!the!absence!of!meiotic!
recombination!between!a!locus!and!the!centromere,!the!genotype!of!offspring!is!
identical!to!that!of!the!mother.!Thus,!if!a!locus!is!heterozygous!in!the!mother!it!
will!also!be!heterozygous!in!the!offspring.!However,!when!multiple!
recombination!events!occur!between!a!locus!and!the!centromere!the!
distribution!of!the!two!maternal!alleles!is!randomised!among!pronuclei.!In!this!
case!a!locus!that!is!heterozygous!in!the!mother!has!a!onehthird!chance!of!
becoming!homozygous!in!offspring!(Pearcy!et!al.!2006,!Oldroyd!et!al.!2008,!
Engelstädter!et!al.!2010).!!
The!continued!success!of!the!Clone!after!20!years!of!thelytokous!
propagation!is!perplexing.!Central!fusion!results!in!loss!of!heterozygosity!(i.e.!a!
locus!that!was!heterozygous!in!the!mother!becomes!homozygous!in!the!
daughter)!wherever!loci!are!free!to!recombine.!Ongoing!thelytoky!is!predicted!
to!lead!to!a!rapid!descent!into!homozygosity!(Baudry!et!al.!2004,!Oldroyd!et!al.!
2008),!potentially!fixing!deleterious!alleles!and!causing!loss!of!heterozygote!
advantage!at!overdominant!loci.!However,!while!there!has!been!substantial!loss!
of!heterozygosity!in!the!Clone!relative!to!the!sexual!Capensis!population,!the!
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Clone!retains!a!genomehwide!level!of!heterozygosity!that!is!surprisingly!high!
(Baudry!et!al.!2004,!Oldroyd!et!al.!2011).!The!maintenance!of!heterozygosity!in!
the!Clone!appears!to!be!key!to!its!endurance!and!ongoing!success!as!a!
reproductive!parasite.!!
Two!mechanisms!have!been!proposed!to!account!for!high!heterozygosity!
in!the!Clone:!suppression!of!meiotic!recombination!(Moritz!and!Haberl!1994,!
Baudry!et!al.!2004,!Neumann!et!al.!2010)!and!selection!against!homozygous!
recombinant!offspring!(Oldroyd!et!al.!2011).!!
An!impediment!to!recombination!is!an!appealing!mechanism!to!explain!
maintenance!of!heterozygosity.!However,!suppression!of!recombination!seems!
less!likely!when!we!consider!that!rates!of!recombination!during!thelytokous!
meiosis!in!Capensis!virgin!queens!(Oldroyd!et!al.!2008)!and!in!(extremely!rare)!
A.%m.%ligustica%workers!in!the!United!States!(Tucker!1958)!are!similar!to!those!
that!are!normally!observed!in!the!sexual!meiosis!of!A.%mellifera.!It!seems!
implausible!that!a!mechanism!of!thelytokous!meiosis!would!differ!between!
Capensis!virgin!queens!and!workers!(Oldroyd!et!al.!2008).%Selection!against!
recombinant!homozygotes!provides!an!alternative!mechanism!by!which!loss!of!
heterozygosity!could!be!limited!(Oldroyd!et!al.!2011).!Recombination!at!
strongly!overdominant!loci!will!lead!to!the!production!of!homozygotes!that!are!
at!a!selective!disadvantage,!and!so!will!be!removed!from!the!population.!The!
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observation!of!limited!genomehwide!loss!of!heterozygosity!in!the!progeny!of!
Capensis!workers!(Moritz!and!Haberl!1994,!Baudry!et!al.!2004)!has!been!
interpreted!as!evidence!for!low!rates!of!recombination.!However,!selection!
against!homozygotes!generates!the!same!outcome:!an!unexpectedly!high!level!
of!heterozygosity!in!thelytokouslyhproduced!progeny!sampled!at!later!life!
stages.!!
Loss!of!heterozygosity!at!the!complementary!sex!determining!locus!(csd)!
imposes!a!particularly!significant!genetic!burden!in!honey!bees!because!sex!is!
determined!by!zygosity!at!this!locus!(Beye!et!al.!2003).!Females!are!
heterozygous!at!the!csd!whereas!haploid!males!are!hemizygous.!Individuals!
that!are!homozygous!at!the!csd!develop!into!diploid!males,!but!these!are!eaten!
by!workers!at!the!first!larval!instar!and!are!therefore!nonhviable!(Woyke!1963).!
Thus,!the!csd!is!a!locus!under!a!wellhcharacterized!selective!pressure.!
Maintenance!of!heterozygosity!at!the!csd%has!been!presented!as!further!evidence!
for!a!reduction!in!recombination!(Baudry!et!al!2004).!However,!Oldroyd!et!al.!
(2011)!point!out!that!lethal!homozygote!recombinants!will!never!be!present!in!
the!population!and!heterozygosity!should!therefore!be!maintained!indefinitely.!!
What!remains!to!be!established!is!the!mechanism!by!which!
heterozygosity!is!maintained!at!loci!unlinked!to!the!csd.%Answering!this!
question!will!provide!key!insight!into!the!evolutionary!factors!driving!the!
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distribution!of!reproductive!strategies!(sex!and!asexuality)!across!the!Capensis!
population.!Reduction!in!recombination!would!enable!the!Clone!to!effectively!
escape!the!costs!of!thelytoky!(loss!of!heterozygosity)!via!a!cytological!
adaptation.!However,!if!heterozygosity!is!maintained!by!the!selective!removal!
of!homozygous!recombinant!offspring,!a!genetic!load!is!imposed,!which!must!
be!endured!for!the!asexual!reductive!strategy!to!succeed.!%
Here!we!determine!if!selection!is!central!to!the!maintenance!of!
heterozygosity!in!the!Clone!at!loci!other!than!csd.!If!heterozygosity!is!
maintained!in!the!Clone!by!suppression!of!recombination!we!would!expect!the!
frequency!of!recombinants!to!be!low!and!equal!in!eggs,!larvae!and!pupae.!If,!on!
the!other!hand,!heterozygosity!is!maintained!at!the!population!level!by!
selection!against!recombinants,!we!expect!that!up!to!onehthird!of!the!loci!that!
are!heterozygous!in!the!mother!to!be!homozygous!in!eggs,!and!this!proportion!
to!decline!precipitously!in!larvae!and!pupae,!as!selection!removes!homozygous!
recombinant!individuals!from!the!population.!!
! We!further!investigate!whether!rates!of!recombination!are!
homogenous!across!offspring,!by!testing!for!associations!in!zygosity!across!
unlinked!loci.!If!recombination!is!absent!in!a!subset!of!progeny,!then!this!could!
provide!a!mechanism!by!which!selection!at!nonhneutral!overdominant!loci,!
such!as!the!csd,!could!exert!a!genome!wide!effect!on!levels!of!heterozygosity.!
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Individuals!that!are!recombinant!are!more!likely!to!be!homozygous!at!csd%and!
would!therefore!have!lower!viability.!Individuals!that!have!no!recombination!
will!be!heterozygous!at!csd%and!are!therefore!likely!to!have!higher!viability.!
Variation!in!rates!of!recombination!in!the!Clone!would!suggest!a!more!complex!
reproductive!system!than!has!previously!been!reported!in!Capensis,!perhaps!
characterised!by!a!mixed!system!of!meiotic!and!ameiotic!thelytoky.!!
Materials!and!Methods!!
We!studied!the!progeny!of!three!reproductively!active!workers!of!the!parasitic!
Clone!lineage.!To!obtain!laying!Clone!individuals!we!procured!a!brood!comb!
from!a!Scutellata!colony!that!was!heavily!infested!with!Clone!workers.!We!
allowed!workers!to!emerge!in!an!incubator,!clipped!their!right!wings!and!
marked!their!thorax!with!paint,!retaining!the!wings!for!genetic!analysis.!We!
then!introduced!the!workers!into!each!of!three!mini!colonies!that!we!had!
stocked!with!c.a.!800!young!Scutellata!workers!and!Scutellata!queenhproduced!
brood.!(Scutellata!workers!are!exclusively!arrhenotokous,!and!rarely!activate!
their!ovaries!in!the!presence!of!a!reproductively!active!Clone.)!To!prevent!
parasitism!by!endemic!Capensis!workers!from!the!surrounding!area!
(Stellenbosch,!(33°56’S,!18°51’E),!Western!Cape,!South!Africa)!we!maintained!
the!host!mini!colonies!in!screen!houses.!We!provided!host!colonies!with!pollen!
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and!honey!and!added!Scutellata!brood!on!a!fortnightly!basis.!We!collected!eggs,!
larvae!and!pupae!of!the!Clone!as!they!appeared,!ensuring!that!no!adult!
progeny!emerged.!
!We!assigned!pupae!and!larvae!to!age!categories.!All!brood,!including!
eggs,!were!also!sexed!by!consideration!of!their!multilocus!microsatellite!and!csd!
genotypes!(see!below).!
We!obtained!DNA!from!tissue!using!a!high!salt!extraction!method!
(Aljanabi!and!Martinez!1997)!from!one!hind!leg!(pupae)!or!the!head!(larvae).!
For!eggs!and!wing!clips!we!extracted!DNA!by!boiling!the!tissue!in!50!yl!of!5%!
Chelex!solution!(Walsh!et!al.!1991).!To!identify!heterozygous!loci!in!the!mothers!
we!genotyped!Clones!at!up!to!25!microsatellite!loci!(Supplementary!Table!S1).!
The!wing!clip!extractions!of!Clone!1!and!2!failed!to!amplify!so!we!inferred!their!
genotype!from!progeny.!Six!microsatellite!loci!were!selected!on!the!basis!of!
heterozygosity!in!the!mothers!(A133,%A107,%A29,%B124,%A14!and!KO170).!
Individuals!were!additionally!genotyped!at!exon!7!of!the!csd!(Oldroyd!et!al.!
2011).!Exon!7!is!an!expressed!region!of!the!csd.!An!individual!heterozygous!in!
this!region!was!classified!as!female,!while!a!homozygous!individual!was!
classified!as!a!diploid!male.!While!it!remains!possible!that!individuals!
homozygous!in!this!region!may!retain!functional!diversity!in!other!regions!of!
the%csd,%and!thus!be!a!cryptic!female,!the!necessary!recombination!event!is!
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unlikely.!Microsatellite!loci!and!csd!exon!7!were!amplified!in!two!multiplex!
polymerase!chain!reactions!using!standard!PCR!conditions!(Holmes!et!al.!2010).!
PCR!products!(eggs:!1!yl,!pupae!and!larvae!0.02!yl)!were!genotyped!
using!a!3130!xl!Genetic!Analyzer!(Applied!Biosystems).!Resultant!data!files!
were!analysed!using!Genemapper!software!(Applied!Biosystems).!
We!confirmed!that!Clones!1h3!belonged!to!the!Clone!lineage!based!on!
alleles!at!microsatellites!The1,%The2,%The3,%The4,%UN351,%Sex1!(Shaibi!et!al.!2008)!
and!csd%exon!7!(Table!S1),!which!have!been!previously!characterised!in!the!
Clone!(Oldroyd!et!al.!2011).!Individuals!that!were!homozygous!at!the!csd!but!
were!heterozygous!at!at!least!one!other!locus!were!classified!as!being!diploid!
males.!Individuals!with!only!one!allele!at!all!loci!were!classified!as!being!
arrhenotokouslyhproduced!haploid!males.!We!compared!the!proportion!of!
haploid!males!in!eggs!with!the!proportion!in!larvae/pupae!with!Fisher’s!exact!
tests.!Haploid!males!were!then!excluded!from!further!analysis.!!
Loss!of!heterozygosity!(LoH)!
!LoH,!defined!as!the!proportion!of!offspring!that!were!homozygous!at!a!locus!
that!was!heterozygous!in!their!Clone!mother,!was!determined!at!each!locus!in!
diploid!males!and!females.!We!compared!levels!of!LoH!between!life!stages:!
eggs!and!pooled!larvae!and!pupae,!using!Fisher’s!exact!tests.!These!analyses!
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allowed!us!to!determine!if!LoH!in!eggs!differed!significantly!from!LoH!in!
larvae!and!pupae.!!
Associations!between!zygosity!across!loci!
We!determined!whether!there!was!a!significant!association!in!zygosity!at!csd!
and!zygosity!at!unlinked!microsatellite!loci!using!Fisher’s!exact!tests!of!2x2!
contingency!tables.!These!analyses!were!confined!to!eggs,!minimizing!the!
possible!influence!of!selection,!and!performed!using!pooled!progeny!of!all!three!
colonies!to!improve!sample!size.!!
Taking!those!eggs!that!successfully!amplified!at!at!least!5!loci,!we!
determined!the!proportion!of!eggs!that!had!not!lost!heterozygosity!at!any!locus.!
We!compared!the!frequency!of!these!individuals!to!that!expected!under!the!
assumption!of!meiotic!thelytoky!with!a!1/3!probability!of!LoH!at!each!locus.!If!
the!proportion!of!individuals!that!had!not!lost!heterozygosity!at!any!locus!were!
higher!than!expected,!this!would!suggest!that!some!individuals!are!produced!
without!recombination.!
Finally,!we!simulated!the!selective!removal!of!diploid!males!from!our!
dataset!by!excluding!all!individuals!that!were!homozygous!at!the!csd!and!again!
compared!LoH!in!eggs!vs.!later!life!stages.!If!selection!against!diploid!males!has!
a!major!effect!on!the!maintenance!of!heterozygosity!at!the!population!level,!we!
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expect!that!the!removal!of!diploid!males!from!the!analysis!would!reduce!or!
eliminate!the!observed!differences!in!LoH!between!eggs!and!larvae!and!pupae.!!
Rates!of!recombination!
The!observed!genetic!distance!between!a!locus!and!its!centromere!in!
thelytokous!progeny!(thelytokous!distance,!TD)!was!computed!as!DRE%=!–!⅔!ln(1!
–!3LoH)!(Rizet!and!Engelmann!1949)!(this!formula!assumes!the!number!of!
crossovers!follows!a!Poisson!distribution,!with!no!interference).!We!then!
compared!TD!to!map!distances!observed!in!sexual!meiosis!(MD)!as!calculated!
by!Solignac!et%al.!(2007).!To!perform!this!analysis!we!used!the!Rizet!and!
Engelmann!(1949)!equation!to!determine!expected!LoH!given!MD!at!each!locus!
i.e.!by!setting!DRE!to!MD!and!solving!for!LoH.!We!then!compared!observed!LoH!
in!our!dataset!to!expected!LoH!predicted!from!MD!in!sexual!meiosis!using!Gh
tests.!To!increase!the!power!of!this!test!we!pooled!data!from!all!three!progenies.!
We!limited!the!analysis!to!eggs,!reducing!the!confounding!effects!of!selection.!
Deterministic!modeling!of!genotype!frequencies!under!selection!
We!addressed!the!question!of!whether!selection!against!homozygous!
recombinant!offspring!would!be!sufficient!to!maintain!heterozygosity!in!the!
clone!population!over!the!long!term!by!developing!a!series!of!deterministic!
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models!for!the!change!in!genotype!frequencies!in!a!thelytokous!population!
under!selection!(Supplementary!Figure!S2).!!
Results!
In!total!we!obtained!555!progeny!from!the!three!Clone!workers:!326!eggs,!210!
larvae!and!19!pupae.!DNA!amplification!was!successful!in!approximately!75%!
of!eggs.!Five!individuals!were!identified!as!being!nonhnatal!(presumably!
arrhenotokous!offspring!of!host!workers)!and!were!removed!from!further!
analysis.!All!three!Clone!mothers!were!heterozygous!at!5!microsatellite!loci!
(A113,%A29,%B124,%A107,%A14)!and!exon!7!of!the!csd.!Clone!mothers!1!and!2!were!
additionally!heterozygous!at!microsatellite!locus!KO170.!
Loss!of!heterozygosity!at!csd!
Many!eggs!(15.4%)!carried!embryos!that!had!lost!heterozygosity!at!the!csd,!but!
were!unequivocally!diploid!as!they!were!heterozygous!at!at!least!one!other!
locus.!These!individuals!were!nonhviable!diploid!males!arising!from!
recombination!between!the!csd%and!the!centromere.!We!also!found!evidence!of!
diploid!males!among!the!1st!and!2nd!instar!larvae!produced!by!Clones!1!(4!
individuals)!and!3!(1!individual).!Loss!of!heterozygosity!at!the!csd%was!
significantly!higher!in!eggs!than!in!larvae!and!pupae!in!all!three!Clones!(Clone!
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1,!P%=%0.044;!Clone!2,!P%=%0.034;!Clone!3,!P!<!0.001;!Fisher’s%exact%tests)!and!in!the!
pooled!dataset!(P%<!0.001)!(Figure!1).!This!shows!that!recombination!indeed!
produces!LoH!at!csd,%but!that!the!recombinants!are!removed!from!the!
population.!Thus,!we!confirm!empirically!that!heterozygosity!at!csd!is!
maintained!by!selection,!not!by!reduction!in!recombination!rates!(Oldroyd!et!al.!
2011).!
Loss!of!heterozygosity!at!microsatellite!loci!
LoH!was!significantly!higher!in!eggs!relative!to!larvae!and!pupae!at!locus!A107!
in!the!progeny!of!Clone!1!(P%=%0.041)!and!locus!B124!in!Clone!3!(P%=%0.022).!In!
the!progeny!of!Clone!2,!LoH!was!significantly!higher!in!eggs!compared!to!
larvae!and!pupae!(where!no!homozygous!individuals!were!observed)!at!5!loci:!
A113!(P%=%0.030),!A29!(P%=%0.028),!B124!(P%=%0.013),!A107!(P%=%0.025)!and!KO170!(P%
=%0.036)!(Figure!1).!After!confirming!that!the!data!from!different!colonies!were!
homogenous!(P%>!0.05),!we!pooled!the!data!from!all!three!progenies.!In!the!
pooled!dataset!there!were!fewer!homozygous!recombinants!in!pupae!and!
larvae!than!in!eggs!at!all!6!loci!examined,!significantly!so!at!3!loci:!A29!(P%=%
0.003),!B124!(P%<%0.001)!and!A107!(P%<%0.001)!(Figure!1).!
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Figure!1! Proportion!of!offspring!homozygous!at!each!marker!that!were!
heterozygous!in!their!Clone!mothers!in!eggs!(solid!bars)!and!larvae/pupae!(open!bars).!
Offspring!homozygous!at!the!csd!are!diploid!males.!*!indicates!a!significant!reduction!
(P!≤!0.05)!in!the!frequency!of!homozygotes!between!eggs!and!larvae/pupae!(Fisher’s!
exact!tests).!The!total!number!of!individuals!scored!for!each!locus!and!life!stage!is!
given!above!the!bars.!!
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Associations!in!zygosity!across!loci!
We!detected!a!strong!association!between!zygosity!at!csd!and!zygosity!at!the!
unlinked!loci!A113%(P%<%0.001),%B124%(P%=!0.001),%A29%(P%<%0.001),%A107%(P%<%0.001)!
and!A14%(P%=%0.004)!(Figure!2)!in!eggs.!That!is,!individuals!that!had!lost!
heterozygosity!at!the!csd%were!also!more!likely!to!have!lost!heterozygosity!at!
these!microsatellite!loci.!This!suggests!that!rates!of!recombination!were!not!
homogenous!across!individuals,!but!that!some!individuals!were!more!likely!to!
be!recombinant!at!multiple!loci,!including!csd,!than!others.!
Of!the!195!eggs!that!were!informative!at!at!least!5!loci,!108!were!entirely!
heterozygous.!The!probability!of!a!given!egg!being!entirely!heterozygous!
(assuming!meiotic!thelytoky!with!a!1/3!probability!of!LoH)!ranges!from!0.13!(5!
informative!loci)!to!0.06!(7!informative!loci).!Under!these!assumptions,!we!
would!predict!approximately!16.0!entirely!heterozygous!eggs!in!our!dataset,!in!
contrast!to!the!108!we!observed.!Selection!against!LoH!before!eggs!were!
sampled!would!increase!the!predicted!frequency!of!entirely!heterozygous!eggs.!
Furthermore,!variation!in!the!frequency!of!recombination!between!individuals!
(above)!would!result!in!a!proportion!of!lowhrecombinant!individuals!being!
incorrectly!identified!as!nonhrecombinant.!However,!even!with!these!caveats,!
the!very!high!frequency!of!entirely!heterozygous!offspring!in!this!sample!
suggests!that!meiotic!thelytoky!may!not!be!the!only!means!by!which!the!Clone!!
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Figure!2! Association!between!zygosity!at!the!csd!and!zygosity!at!microsatellite!
loci!in!eggs.!Offspring!are!categorised!as!being!homozygous!(hom)!or!heterozygous!
(het)!at!each!microsatellite!locus.!The!proportion!of!offspring!in!each!category!that!are!
additionally!homozygous!(solid!bars)!or!heterozygous!(open!bars)!at!the!csd!is!shown.!*!
indicates!a!significant!association!(P!≤!0.05)!between!the!zygosity!at!the!two!loci!
(Fisher’s!exact!tests),!i.e.!individuals!homozygous!at!the!csd!are!significantly!more!
likely!to!be!homozygous!at!the!microsatellite!marker.!The!total!number!of!homozygous!
and!heterozygous!individuals!is!given!for!each!microsatellite!locus.!
 
0
0.2
0.4
0.6
0.8
1.0
A1
13
 h
om
A1
13
 h
et
A2
9 
ho
m
A2
9 
he
t
B1
24
 h
om
B1
24
 h
et
A1
07
 h
om
A1
07
 h
et
A1
4 
ho
m
A1
4 
he
t
KO
17
0 
ho
m
KO
17
0 
he
t
Pr
op
or
tio
n 
of
 o
ffs
pr
ing
 in
 e
gg
s 15
139 13 141
14
140
16
137
10
142
10
53
* * *
**
Fig 2
MAINTENANCE!OF!HETEROZYGOSITY!IN!A.%M.%CAPENSIS!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 97!
reproduces!–!some!other!process!may!result!in!eggs!without!recombination!in!
some!individuals!!
We!simulated!selection!against!diploid!males!by!removing!all!
individuals!that!were!homozygous!at!the!csd%(n!=!37)!from!our!dataset.!With!
diploid!males!removed,!there!was!no!longer!a!significant!reduction!in!LoH!
between!the!egg!stage!and!the!larval!and!pupal!stage!(Figure!3)!at!any!of!the!
microsatellite!loci!investigated.!This!suggests!that!the!selective!removal!of!
diploid!males!during!early!larval!stages!is!involved!in!maintaining!
heterozygosity!at!unlinked!microsatellite!loci.!!
Rates!of!recombination!
LoH!in!eggs!can!be!used!to!estimate!map!distance!(Baudry!et!al.!2004,!Pearcy!et!
al.!2006,!Oldroyd!et!al.!2008).!The!observed!thelytokous!distance!(TD)!in!eggs!
was!significantly!lower!than!the!map!distance!(MD)!previously!observed!in!
worker!progeny!resulting!from!sexual!meiosis!(Solignac!et!al.!2007)!at!csd,!A113,!
A107!and!A14!(Table!1).!With!the!exception!of!A107,!all!of!these!loci!are!distal!to!
their!centromere.!The!centromere!of!chromosome!7,!on!which!A107%is!located,!is!
only!loosely!defined!(Solignac!et!al.!2007).%At!loci!B124%and!KO170,!TD!did!not!
differ!significantly!from!MD.!Both!these!loci!are!closely!linked!to!their!
centromeres.!Locus!A29!is!also!closely!linked!to!the!centromere,!with!an!MD!of!!
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Figure!3! !The!proportion!of!offspring!homozygous!at!each!microsatellite!locus!
that!were!heterozygous!in!the!Clone!mothers,!in!eggs!(solid!bars)!and!larvae/pupae!
(open!bars),!following!the!removal!of!diploid!male!offspring!(homozygous!at!csd)!from!
the!data!set.!The!figure!shows!the!predicted!effect!of!selection!against!diploid!males!on!
levels!of!heterozygosity!at!each!microsatellite!locus.!There!is!no!significant!reduction!in!
heterozygosity!between!the!life!stages!for!any!locus!(P!≥!0.05.!Fisher’s!exact!tests).!The!
total!number!of!individuals!scored!for!each!locus!and!life!stage!is!given!above!the!bars.!
  
0.00
0.05
0.10
0.15
0.20
Locus
A113 A29 B124 A107 A14 KO170
Pr
op
or
tio
n 
of
 o
ﬀs
pr
ing
 

ho
m
oz
yg
ou
s
127
208
125 201
130
199
127
195
126
199
59
134
Fig 3 
MAINTENANCE!OF!HETEROZYGOSITY!IN!A.%M.%CAPENSIS!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 99!
!
!
!
!
!
!
Table!1! Comparison!of!thelytokous!distance!(observed!genetic!distance!in!
thelytokous!meiosis,!TD)!with!map!distance!(observed!genetic!distance!in!sexual!
meiosis,!MD!from!Solignac!et!al.!2007).!TD!is!estimated!from!the!Rizet!and!Engelmann!
(1949)!equation!based!on!observed!LoH!in!eggs.!Expected!LoH!is!estimated!from!the!
Rizet!and!Engelmann!(1949)!equation!given!the!values!of!MD!calculated!by!Solignac!et!
al.!(2007)!(see!text).!!
Locus! Observed!
LoH!
Estimated!
TD!(cM)!
Observed!
MD!(cM)!!
Expected!LoH!
based!on!MD!
Ratio!of!
TD:!AD!!
P*!
CSD%! 0.154! 41.3!! 248.9!! 0.325! 6.03! <!0.001!
A113! 0.095! 22.3!! 60.4!! 0.199! 2.71! <!0.001!
A29! 0.076! 17.2!! 0!! 0! h! h!
B124! 0.084! 19.3!! 11.4!! 0.052! 0.59! 0.072!
A107! 0.088! 20.5!! 90.1!! 0.247! 4.40! <!0.001!
A14! 0.078! 17.7!! 62.7!! 0.203! 3.54! <!0.001!
KO170! 0.141! 36.7!! 39.6!! 0.149! 1.08! 0.832!
*G!test,1!d.f.!
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0!cM!in!sexual!meiosis!(Solignac!et!al.!2007)!(expected!LoH!=!0).!However,!in!
our!study!we!observed!substantial!LoH!at!A29!in!eggs!(0.076),!indicating!that!
recombination!must!occur!between!this!locus!and!it’s!centromere.!Thus,!
observed!rates!of!meiotic!recombination!in!eggs!appear!to!be!reduced!from!
levels!observed!in!sexual!meiosis!at!telomeric!loci,!but!were!more!than!or!not!
significantly!different!to!rates!seen!in!sexual!meiosis!at!centromeric!loci.!The!
ratio!of!TD!to!MD!in!our!dataset!ranged!from!0.59!to!6.03!(Table!1),!while!at!the!
locus!A29!this!ratio!is!undefined,!as!the!expected!rate!of!recombination!was!0.!!
A!total!of!122!LoH!events!were!observed!from!1091!loci,!genotyped!from!
326!diploid!eggs.!Thus!LoH!occurred!at!11.2%!of!loci!in!eggs,!a!1.5!fold!
reduction!(PFisher!=!0.008)!from!expectations!based!on!rates!of!recombination!in!
sexual!meiosis!(Solignac!et!al.!2007).!This!reduction!in!recombination,!though!
significant,!is!dramatically!less!than!the!10hfold!reduction!reported!by!Baudry!et!
al.!(2004).!In!contrast,!only!45!LoH!events!were!identified!from!1369!loci!
genotyped!from!229!larvae!and!pupae.!LoH!was!observed!at!only!3.3%!of!loci!in!
larvae!and!pupae,!a!9.9!fold!reduction!from!expectations!based!on!rates!of!
recombination!in!sexual!meiosis!(P%<%0.001).!The!frequency!of!recombination!in!
pupae!and!larvae!is!significantly!less!than!it!is!in!eggs!(P%<%0.001),!and!closely!
approximates!the!10hfold!reduction!reported!by!Baudry!et!al.!(2004).!
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Expected!loss!of!heterozygosity!for!various!rates!of!recombination!
In!our!supplementary!analyses!we!have!simulated!expected!loss!of!
heterozygosity!over!100!generations!(see!Supplementary!Figure!S2).!These!
analyses!show!that!without!selection,!heterozygosity!cannot!be!maintained!for!
all!plausible!rates!of!recombination.!
Evidence!of!arrhenotoky!
Haploid!males!were!identified!in!the!progeny!of!all!Clones!(Figure!4).!The!
probability!that,!in!each!colony,!all!putatively!haploid!individuals!were!actually!
homozygous!(rather!than!hemizygous)!at!all!loci!due!to!recombination!ranges!
from!2.2×10h2!to!9.04×10h8!(the!combined!probability!of!LoH!at!all!loci,!as!
observed!in!confirmed!diploid!eggs,!at!each!informative!locus,!for!each!Clone!
mother).!Given!the!probability!of!LoH!at!each!locus,!we!predicted!that!if!all!
eggs!in!our!dataset!were!diploid,!approximately!1.37!would!be!homozygous!at!
all!informative!loci,!in!contrast!to!the!33!putatively!haploid!eggs!detected.!This!
strongly!suggests!that!Clones!can!reproduce!by!arrhenotoky!as!well!as!
thelytoky.!Approximately!1!in!8!eggs!(33!in!268)!were!a!haploid!male,!but!only!6!
out!of!210!larvae,!a!highly!significant!5hfold!reduction!(P%<%0.001).!
!
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Figure!4! Proportion!of!haploid!males!(hemizygous!at!all!loci)!in!eggs!(solid!bars)!
and!larvae/pupae!(open!bars).!*!indicates!a!significant!reduction!(P!≤!0.05)!in!the!
frequency!of!haploid!males!between!eggs!and!larvae/pupae!(Fisher’s!exact!tests).!The!
total!number!of!individuals!in!each!life!stage!is!given!above!the!bars.!!
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Discussion!!
Thelytokous!reproduction!in!the!Clone!results!in!a!substantial!loss!of!
heterozygosity!at!each!generation!from!genetic!recombination.!However,!a!
significant!proportion!of!homozygous!recombinant!offspring!are!subsequently!
removed!from!the!population,!thus!maintaining!heterozygosity.!It!is!clear!that!
at!the!csd!homozygotes!are!removed!by!selection!at!early!larval!instars,!as!
predicted!by!Oldroyd!et!al.!(2011).!The!more!interesting!question!is!how!
heterozygosity!is!maintained!at!selectively!neutral!microsatellite!loci!that!are!
unlinked!to!csd.!We!suggest!that!two!nonhexclusive!mechanisms!are!plausible.!!
First,!neutral!microsatellite!loci!may!be!linked!to!selectively!nonhneutral!
loci!that,!like!csd,!must!be!heterozygous.!Selection!against!recombinants!at!the!
overdominant!locus!(see!Supplementary!Figure!S2)!will!maintain!
heterozygosity!at!the!linked!selectivelyhneutral!microsatellite!locus.!
Recombination!between!a!locus!under!selection!and!a!linked!locus!leads!to!
breakdown!of!gametic!disequilibrium!over!time.!While!levels!of!heterozygosity!
are!higher!in!the!Clone!than!predicted!by!our!modeling!(assuming!no!
selection),!the!Clone!has!nonetheless!undergone!a!massive!genomehwide!loss!of!
heterozygosity!(Baudry!et!al.!2004).!It!is!therefore!possible!that!the!rare!neutral!
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loci!at!which!heterozygosity!has!been!maintained!may!indeed!be!linked!to!nonh
neutral!loci!under!overdominant!selection.!
!Second,!genomehwide!levels!of!recombination!appear!to!vary!between!
individuals,!and!some!individuals!may!be!produced!ameiotically!and!thus!
retain!heterozygosity!at!all!loci.!We!cannot!determine!the!degree!to!which!eggs!
that!are!entirely!heterozygous!represent!lowhrecombinant!individuals!vs.!
ameiotically!produced,!zerohrecombinant!individuals.!The!frequency!of!such!
eggs!may!also!be!inflated!by!selection!against!loss!of!heterozygosity!before!
sampling.!However,!given!that!the!frequency!of!nonhrecombinants!is!so!high,!
we!suggest!that!it!is!worth!considering!the!possibility!of!occasional!ameiotic!
reproduction!in!the!Clone.!Ameioticallyhproduced!individuals!would!be!at!a!
selective!advantage!because!they!retain!heterozygosity!at!csd,%as!well!as!any!
putative!overdominant!loci.!We!emphasise,!however,!that!we!have!no!direct!
evidence!that!ameiotic!thelytoky!occurs!in!the!Clone!and!cytological!studies!
have!only!identified!meiotic!parthenogenesis!in!Capensis!(Verma!and!Ruttner!
1983).!Nonhrecombinant!meiosis!must!be!rare!and!arise!through!nonhgenetic!
causes,!or!it!would!rapidly!go!to!fixation.!
The!reduction!in!the!frequency!of!homozygotes!between!egg!and!larval!
plus!pupal!stages!at!loci!A113,!A14!and!KO170!was!not!significant.!
Furthermore,!loss!of!heterozygosity!at!KO170%was!not!correlated!with!loss!of!
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heterozygosity!at!other!loci,!including!the!csd.!Could!selection!be!maintaining!
heterozygosity!at!these!loci!in!the!Clone!lineage!nonetheless?!Selection!against!
homozygous!recombinant!Clone!progeny!is!unlikely!to!be!limited!to!egg!
viability!and!the!survival!of!early!instar!larvae.!Many!traits!affecting!the!
survival!and!reproductive!success!of!a!Clone!pseudoqueen!may!only!be!
expressed!in!the!adult!stage,!helping!to!maintain!heterozygosity!in!the!Clone!
population.!
The!average!observed!rate!of!recombination!(as!inferred!from!LoH)!in!
thelytokouslyhproduced!eggs!was!approximately!1.5!fold!less!than!predicted!
based!on!rates!of!recombination!in!sexual!meiosis!of!an!arrhenotokous!
subspecies!(Solignac!et!al.!2007).!In!contrast,!Baudry!et%al.!(2004)!reported!a!10h
fold!reduction!in!recombination!in!newlyhemerged!adult!workers.!In!our!
dataset,!LoH!in!older!progeny!(larvae!and!pupae)!closely!approximated!the!
reported!10hfold!reduction.!This!provides!strong!evidence!that!rates!of!
recombination!previously!reported!in!thelytokous!Capensis!(Moritz!and!Haberl!
1994,!Baudry!et!al.!2004)!have!been!seriously!underestimated!because!of!failure!
to!detect!homozygous!recombinant!offspring!removed!by!selection.!
Furthermore!the!slight!reduction!in!average!rates!of!heterozygosity!may!be!a!
consequence!of!rare!ameiotic!thelytoky.!
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By!estimating!the!frequency!of!recombination!in!eggs,!we!are!better!able!
to!understand!the!actual!genetic!outcome!arising!from!thelytokous!fusion!of!
pronuclei.!At!more!telomeric!loci,!the!recombination!frequency!observed!in!
eggs!was!between!3.5!and!6hfold!less!than!would!be!expected!based!on!rates!of!
recombination!in!sexual!meiosis!(Solignac!et!al.!2007).!However,!at!loci!closely!
linked!to!their!centromere,!recombination!rates!were!similar!to!or!greater!than!
those!in!sexual!meiosis.!This!association!between!the!frequency!of!
recombination!at!a!locus!and!its!proximity!to!the!centromere!could!suggest!a!
mechanistic!cause!for!the!overall!reduction!in!recombination!frequency,!i.e.!an!
impediment!to!chiasmata!formation.!However,!to!us!it!is!more!likely!that!the!
observed!reduction!in!LoH!at!some!microsatellite!loci!is!caused!by!selection!
against!homozygotes!at!overdominant!genes!that!are!linked!to!the!
microsatellite.!
It!has!been!claimed!that!the!thelytoky!phenotype!has!complete!
expressivity,!with!workers!homozygous!for!the!putative!th%allele!reproducing!
exclusively!by!thelytoky!(Lattorff!et!al.!2005,!Lattorff!et!al.!2007,!Jarosch!et!al.!
2011).!Yet!all!three!reproductive!Clones!studied!produced!eggs!both!
thelytokously!and!arrhenotokously!(Figure!2),!as!is!observed!in!virgin!Capensis!
queens!(Allsopp!and!Crewe!1993,!Oldroyd!et!al.!2008).!Survival!of!haploid!
arrhenotokous!males!in!the!larval!stage!was!very!low,!suggesting!that!workerh
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laid!haploid!males!are!selectively!removed,!in!much!the!same!manner!as!
diploid!males!are!(Woyke!1963).!
Thelytoky!in!Capensis!workers!enables!the!emergence!of!asexual!
lineages!that!are!liberated!from!reliance!on!a!sexual!queen!for!their!own!
reproduction.!However,!thelytoky!also!incurs!a!cost:!reduced!viability!of!
homozygous!offspring.!We!propose!that!the!ongoing!success!of!the!Clone!can!
be!attributed!to!its!ability!to!endure!this!cost.!For!a!Clone,!the!production!of!
eggs!is!cheap;!once!a!Clone!establishes!herself!as!a!laying!worker!(often!called!a!
pseudoqueen)!she!is!tended!by!her!hosts,!taking!no!part!in!nonhreproductive!
tasks!such!as!foraging.!Clone!larvae!that!do!emerge!are!abandoned!to!the!care!
of!their!hosts,!from!whom!they!elicit!level!of!brood!feeding!that!approaches!that!
normally!reserved!for!Scutellata!queenhdestined!larvae!(Allsopp!et!al.!2003).!A!
Clone!can!therefore!dedicate!her!resources!solely!to!laying!thelytokous!eggs.!!
As!Clone!invasions!progress,!massive!numbers!of!thelytokous!eggs!are!
produced,!only!a!small!proportion!of!which!hatch,!let!along!emerge!as!an!adult,!
survive!colony!collapse!and!continue!the!invasive!cycle!(Martin!et!al.!2002,!
Neumann!and!Hepburn!2002).!High!rates!of!reproduction,!low!maternal!
investment!and!concordantly!high!mortality!are!an!inherent!part!of!the!Clone’s!
parasitic!reproductive!strategy.!Simply!put,!when!the!vast!majority!of!eggs!
cannot!be!raised!to!maturity,!it!hardly!matters!if!many!of!them!are!nonhviable.!!
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Thelytokous!reproduction!allows!the!Clone!to!exploit!a!new!niche!h!
social!parasitism.!In!another!thelytokous!parasite,!the!parasitoid!wasp!Venturia%
canescens,!the!dynamics!of!energy!allocation!in!sympatric!thelytokous!and!
sexual!populations!reveal!a!similar!niche!divergence!(Pelosse!et!al.!2007,!Lukas!
et!al.!2010,!Pelosse!et!al.!2010).!V.%canescens!lays!a!single!egg!into!larval!
Lepidoptera!hosts,!so!that!reproductive!success!is!limited!by!host!availability.!
Sexual!V.%canescens%dominant!in!the!natural!environment,!where!hosts!are!
limited!but!food!for!the!adult!wasp!is!plentiful.!In!contrast!asexual!lineages!
occur!in!anthropogenic!environments,!such!as!mills!and!granaries,%where!food!
for!the!adult!is!limited!or!absent,!but!hosts!for!their!eggs!are!abundant!
(Schneider!et!al.!2002).!Under!these!circumstances,!a!thelytokous!wasp!is!not!
restricted!by!the!need!to!find!a!mate,!a!risky!and!energetically!costly!endeavor!
in!a!low!food!environment,!and!so!can!allocate!more!energy!to!rapid!
reproduction,!carrying!more!eggs!at!emergence!than!their!sexual!counterparts,!
while!having!lower!energy!reserves!and!a!shorter!lifespan.!While!egg!viability!
has!yet!to!be!compared!between!the!reproductive!modes,!it!seems!highly!
plausible!that!like!the!Clone,!thelytokous!V.%canescens!invest!in!quantity!over!
quality.!!
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Conclusion!
In!the!vast!majority!of!animal!taxa,!sex!triumphs!over!asexuality!as!the!optimal!
reproductive!strategy.!The!dominance!of!sex!is!driven!not!only!by!the!many!
hypothesised!benefits!of!sexual!recombination!(Engelstädter!2008)!but!also!by!
the!costs!of!asexuality,!which!often!manifests!as!genetic!load.!We!propose!that!
parasitic!lineages!are!highly!resilient!to!increased!genetic!load,!including!the!
reduction!in!brood!viability!identified!here.!In!Capensis!it!is!the!biotic!
interaction!of!parasite!with!host!that!provides!the!conditions!under!which!
asexuality!is!favoured!over!sex,!a!similar!outcome!to!that!observed!in!
thelytokous!V.%canescens.%In!many!other!species!in!which!sexual!and!asexual!
populations!are!observed,!it!is!the!conditions!provided!by!marginal!habitats!
that!favour!asexual!reproduction!(geographic!parthenogenesis)!(Haag!and!
Ebert!2004,!BenhAmi!and!Heller!2007).!In!these!environments,!as!in!the!Clone’s!
host!colony,!rapid!exploitation!of!reproductive!resources!is!favoured,!as!is!
genetic!isolation!from!potentially!maladapted!sourcehpopulations!(Neumann!
and!Moritz!2002).!
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Supplementary!Material!!
S1:!Deterministic!modeling!of!genotype!frequencies!under!selection.!!
We!addressed!the!question!of!whether!selection!against!homozygous!
recombinant!offspring!would!be!sufficient!to!maintain!heterozygosity!in!the!
clone!population!over!the!long!term!by!developing!a!series!of!deterministic!
models!for!the!change!in!genotype!frequencies!in!a!thelytokous!population!
under!selection.!In!a!thelytokous!population!the!genotypic!frequencies!in!a!
given!generation!are!not!a!function!of!allele!frequencies!in!the!preceding!
generation,!but!rather!of!the!frequency!of!genotypes!in!the!preceding!
generation!and!the!relative!fitness!of!individuals!carrying!those!genotypes.!The!
frequency!of!heterozygotes!in!a!thelytokous!population!expected!in!generation!
n!can!be!expressed!as:!!
€ 
f (Aa)n =
f (Aa)n−1(1− LoH)(1− sAa )
( f (Aa)n−1
LoH
2 + f (AA)n−1)(1− sAA ) + f (Aa)n−1(1− LoH)(1− sAa ) + ( f (Aa)n−1
LoH
2 + f (aa)n−1)(1− saa ) !
(1)!
where!LoH!is!the!probability!that!locus!A,!which!is!heterozygous!in!a!mother,!
will!become!homozygous!in!her!offspring!following!recombination!and!si!is!the!
selection!coefficient!against!an!individual!carrying!the!ith!genotype.!LoH!can!be!
measured!experimentally!or!derived!from!a!given!frequency!of!recombination!
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using!the!Rizet!and!Engelmann!mapping!function!(1949).!The!frequency!of!
homozygotes!in!generation!n%can!be!expressed!as:!!
€ 
f (AA)n =
( f (Aa)n−1
LoH
2 + f (AA)n−1)(1− sAA )
( f (Aa)n−1
LoH
2 + f (AA)n−1)(1− sAA ) + f (Aa)n−1(1− LoH)(1− sAa ) + ( f (Aa)n−1
LoH
2 + f (aa)n−1)(1− saa ) !
(2)!
€ 
f (aa)n =
( f (Aa)n−1
LoH
2 + f (aa)n−1)(1− saa )
( f (Aa)n−1
LoH
2 + f (AA)n−1)(1− sAA ) + f (Aa)n−1(1− LoH)(1− sAa ) + ( f (Aa)n−1
LoH
2 + f (aa)n−1)(1− saa ) !
(3)!
The!two!additive!terms!in!the!numerators!of!Equations!2!and!3!arise!from!1)!the!
production!of!homozygous!offspring!by!the!two!types!of!homozygous!mothers,!
AA%and!aa,!which!produce!homozygous!offspring!exclusively,!and!2)!the!
offspring!of!heterozygous!mothers,!Aa,!which!produce!homozygous!offspring,!
AA!and!aa,!in!the!proportion!LoH/2.!!
In!the!absence!of!selection!against!homozygotes!(si!=!0),!the!expected!
frequency!of!heterozygosity!at!a!given!locus!f(Aa)!declines!to!0!provided!that!
LoH!>!0!(Figure!S1a).!For!loci!unlinked!to!a!centromere,!LoH!approximates!1/3!
(Pearcy!et!al.!2006,!Oldroyd!et!al.!2008,!Engelstädter!et!al.!2010).!If!we!allow!for!
the!10hfold!reduction!in!recombination!frequency!postulated!by!Baudry!et%al.!
(2004)!by!setting!LoH!=!0.033,!we!still!expect!a!rapid!decline!in!heterozygosity.!!
!
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!
Supplementary!Figure!S1! The!frequency!of!heterozygosity!in!a!population!
reproducing!thelytokously!with!central!fusion,!comparing!three!patterns!of!selection!(s)!
against!homozygous!and!heterozygous!genotypes.!! a)!Effect!of!varying!LoH!(loss!of!
heterozygosity)!when!zygosity!is!selectively!neutral!i.e.!sAA,aa!=!0.!Heterozygosity!declines!
towards!0!regardless!of!LoH.!LoH!=!0.333,!theoretical!rate!of!LoH!in!Capensis!for!a!locus!
unlinked!to!the!centromere;!LoH!=!0.033,!predicted!LoH!given!a!10!fold!reduction!in!
recombination!proposed!by!Baudry!et!al.!(2004);!LoH!=!0.102,!average!observed!in!our!
dataset;!LoH!=!0.154,!LoH!observed!at!csd,!the!locus!with!the!maximum!LoH;!LoH!=!0.078,!
LoH!at!A14,!the!minimum!observed!LoH.!! b)!Overdominant!selection:!sAA,aa!>!0,!LoH!is!
constant!(0.102,!our!observed!average).!Heterozygosity!is!maintained!at!equilibrium!
whenever!selection!against!both!homozygous!genotypes!is!equal!to!or!greater!than!LoH.!
! c)!Dominant!selection:!saa!>!0,!sAA!=!0,!LoH!is!constant!(0.102).!Rapid!loss!of!
heterozygosity!occurs!for!all!values!of!s.!!
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When!we!set!LoH!to!0.102,!the!average!level!of!recombination!observed!in!eggs!
in!our!data,!a!locus!that!was!heterozygous!in!the!original!founding!Clone!is!
expected!to!be!effectively!homozygous!after!45!generations.!We!therefore!
conclude!that!suppression!of!recombination!alone!cannot!account!for!the!levels!
of!heterozygosity!currently!observed!in!the!Clone!population.!!
! Only!when!we!consider!selection!does!it!become!possible!to!
model!the!maintenance!of!heterozygosity!at!levels!currently!seen!in!the!Clone.!
Heterozygosity!is!only!maintained!when!selection!is!acting!on!an!overdominant!
locus!(SAa%≥!SAA,%Saa)!(Figure!S1b).!Heterozygosity!reaches!an!equilibrium!
frequency!>!0!when!both!Saa%and!SAA!are!equal!to!or!greater!than!LoH%(Figure!S2ch
d),!so!that!the!proportion!of!homozygotes!being!removed!from!the!population!
per!generation!equals!or!exceeds!the!proportion!being!produced!by!
recombination.!If!mutation!is!considered,!selection!at!an!overdominant!locus!
such!as!the!csd!could!result!in!higher!equilibrium!heterozygosity.!
We!hypothesise!that!the!frequency!of!loci!under!an!overdominant!
pattern!of!selection!may!be!increased!in!a!clonal!lineage!relative!to!a!sexual!
population.!In!a!clonal!lineage,!overdominance!may!not!be!an!innate!trait!of!a!
locus,!but!rather!may!be!specific!to!the!two!alleles!present!in!the!lineage.!For!
example,!a!locus!A,!which!is!highly!variable!in!a!sexual!population,!may!not!
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respond!to!selection!in!an!overdominant!manner!(e.g.!A1!A2!may!be!less!fit!than!
A3!A3).!However!the!specific!alleles!sampled!at!the!founding!of!a!clonal!lineage!
may!generate!an!overdominant!pattern!of!selection!(e.g.!A1!A2!may!be!more!fit!
than!A1!A1!and!A2!A2).!
At!a!dominant!locus,!where!Saa!≥!SAA%=!SAa,!heterozygosity!rapidly!declines!
to!0!(Figure!S1c)!as!the!deleterious!recessive!allele!a!is!purged!from!the!
population!(Figure!S2b).!Again,!the!rate!at!which!genotype!frequencies!change!
is!dependent!on!both!LoH!and!S,!but!the!fittest!allele!eventually!reaches!fixation!
regardless!of!any!reduction!in!recombination.!!
We!have!modeled!the!change!in!genotype!frequencies!assuming!
selection!acting!directly!on!a!locus.!However,!it!is!important!to!note!that!the!
same!outcome!will!be!observed!if!selection!acts!indirectly!via!the!removal!of!
homozygotes!at!a!selectively!nonhneutral!locus!(such!as!the!csd)!and!an!
association!in!zygosity!between!this!and!the!focal!locus.!Regardless!of!the!locus!
at!which!selection!acts,!the!removal!of!a!proportion!of!homozygotes!greater!
then!or!equal!to!the!proportion!produced!by!LoH!is!necessary!for!
heterozygosity!to!be!maintained!in!the!population.!
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!
Supplementary!Figure!S2! Genotypic!frequencies!in!a!population!reproducing!by!
thelytoky!with!central!fusion.!LoH!is!kept!constant!at!0.102,!the!average!from!our!dataset!
set.!The!frequency!of!the!three!genotypes,!AA!(dashed!line),!aa!(dotted!line)!and!Aa!(solid!
line)!is!determined!by!the!relative!values!of!sAA!and!saa.!Heterozygosity!is!lost!(a,!b)!when!
sAA!or!saa!<!LoH.!If!sAA!≠!saa,!the!deleterious!allele,!a,!is!purged!from!the!population!(b).!
Heterozygosity!is!maintained!(c,!d,!e)!when!sAA!and!saa!≥!LoH.!
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CHAPTER 4 
SELECTION ON OVERDOMINANT GENES 
MAINTAINS HETEROZYGOSITY ALONG 
MULTIPLE CHROMOSOMES IN A 
THELYTOKOUS LINEAGE OF APIS 
MELLIFERA CAPENSIS  
Frances!Goudie,!Michael!H.!Allsopp,!Benjamin!P.!Oldroyd!
A%version%of%this%chapter%was%published%as:!Goudie,!F.,!M.!H.!Allsopp!and!B.!P.!
Oldroyd!(2013)!Selection!on!overdominant!genes!maintains!
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ABSTRACT! Correlations! between! fitness! and! genomehwide! heterozygosity!
(HeterozygosityhFitness!Correlations,!HFCs)!have!been!reported!across!a!wide!
range!of! taxa.! The!genetic! basis! of! these! correlations! is! controversial:! do! they!
arise! from! genomehwide! inbreeding! (‘general! effects’)! or! the! ‘local! effects’! of!
overdominant! loci! acting! in! linkage! disequilibrium! with! neutral! loci?! In! an!
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asexual! thelytokous! lineage!of! the!Cape!honey!bee!(Apis%mellifera%capensis),! the!
effects! of! inbreeding! have! been! homogenised! across! the! population,! making!
this! an! ideal! system! in! which! to! detect! overdominant! loci,! and! to! make!
inferences! about! the! importance! of! overdominance! on!HFCs! in! general.!Here!
we! investigate! the!pattern!of! zygosity! along! two! chromosomes! in! 42!workers!
from! the! clonal! Cape! honey! bee! population.! On! chromosome! III! (which!
contains! the!sexhlocus,!a!gene! that! is!homozygoushlethal)!and!chromosome!IV!
we!show!that!the!pattern!of!zygosity!is!characterised!by!loss!of!heterozygosity!
in! short! regions! followed! by! the! telomeric! restoration! of! heterozygosity.!We!
infer!that!at!least!four!selectively!overdominant!genes!maintain!heterozygosity!
on! chromosome! III! and! three! on! chromosome! IV! via! local! effects! acting! on!
neutral! markers! in! linkage! disequilibrium.! We! conclude! that! heterozygote!
advantage! and! local! effects! may! be! more! common! and! evolutionarily!
significant!than!is!generally!appreciated.!
heterozygosity_fitness!correlations,!HFC,!local!effects,!Apis%mellifera%capensis,!
thelytoky!
Introduction!!
Populationhlevel!correlations!between!fitness!and!heterozygosity!(hereafter!
HeterozygosityhFitness!Correlations,!HFCs)!are!reported!across!a!wide!range!of!
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taxa!(Britten!1996,!Chapman!et!al.!2009).!HFCs!most!likely!arise!via!two!nonh
exclusive!processes.!First,!HFCs!might!arise!from!‘general!effects’!(David!et!al.!
1995).!Under!a!general!effects!model!it!is!assumed!that!individuals!vary!in!their!
genomehwide!heterozygosity!at!neutral!markers!as!a!result!of!variation!in!levels!
of!inbreeding!across!a!population.!Variation!in!levels!of!inbreeding!is!correlated!
with!heterozygosity!at!nonhneutral!genes!so!that!individuals!that!are!more!
heterozygous!at!neutral!markers!have!higher!fitness.!Second,!HFCs!might!arise!
from!‘local!effects’!(David!et!al.!1995).!Under!a!local!effects!model,!it!is!assumed!
that!some!neutral!markers!are!in!linkage!disequilibrium!(LD)!with!genes!that!
have!a!strong!heterozygote!advantage.!Thus,!the!contribution!of!local!effects!to!
HFCs!is!dependent!on!the!frequency!of!loci!that!show!heterozygote!advantage.!
Local!effects!have!fallen!out!of!favour!as!the!most!likely!explanation!for!
HFCs!(Chapman!et!al.!2009,!Szulkin!et!al.!2010).!Szulkin!et!al.!(2010)!clarify!that!
the!question!is!not!so!much!if!local!effects!exist,!but!whether!there!are!
circumstances!in!which!local!effects!are!sufficiently!strong!and!frequent!to!
explain!HFCs.!Szulkin!et!al.!(2010)!argue!that!in!most!systems,!local!effects!are!
unlikely!to!be!detected,!as!the!correlation!between!markers!in!LD!with!genes!
under!selection!for!heterozygosity!is!diluted!by!the!much!larger!proportion!of!
markers!that!are!not!in!disequilibrium!with!such!loci.!However,!Szulkin!et!al.!
(2010)!note!that!the!contribution!of!local!effects!to!HFCs!may!currently!be!
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underhappreciated!because!of!the!difficulty!in!empirically!untangling!the!
relative!importance!of!general!and!local!effects!(but!see,!for!example,!Harrison!
et!al.!2011,!Voegeli!et!al.!2012,!Wetzel!et!al.!2012).!Here!we!will!argue!that!a!
thelytokous!clonal!lineage!of!honey!bee,!Apis%mellifera,!provides!an!ideal!
‘natural!laboratory’!for!documenting!the!contribution!of!local!effects!of!genes!
that!show!heterozygote!advantage,!with!a!minimum!of!interference!from!the!
general!effects!of!inbreeding.!!
Apis%mellifera%capensis%(hereafter!Capensis)!is!a!subspecies!of!honey!bee!
from!the!Western!Cape!of!South!Africa.!Capensis!is!unique!in!being!the!only!
bee!in!which!thelytokous!reproduction!is!common.!An!asexual!thelytokous!
lineage!of!Capensis!workers!presently!parasitises!the!commercial!population!of!
the!African!honey!bee!(A.%m.%scutellata)!that!is!found!throughout!northern!South!
Africa!(reviewed!in!Beekman!et!al.!2008).!This!parasitic!lineage,!hereafter!the!
‘Clone’,!arose!in!1990!from!a!single!Capensis%worker!derived!from!the!sexual!
Capensis%population!(Neumann!et!al.!2010,!Oldroyd!et!al.!2011,!Goudie!et!al.!
2012)!after!commercial!Capensis!colonies!were!transported!across!the!hybrid!
zone!that!exists!between!the!two!subspecies!(Beekman!et!al.!2008).!The!
contemporary!Clone!population!has!flourished!via!asexual!reproduction!for!
over!20!years!and!more!than!100!generations!as!a!transmissible!‘social!cancer’!
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(Oldroyd!2002),!destroying!thousands!of!commercial!A.%m.%scutellata%colonies!
each!year.!!
Worker!reproduction!in!Capensis!is!characterised!by!thelytokous!
parthenogenesis!with!central!fusion!(Verma!and!Ruttner!1983).!In!this!form!of!
parthenogenesis,!meiosis!ends!normally!with!four!haploid!pronuclei.!Zygosity!
is!then!restored,!not!by!fertilisation,!but!by!the!fusion!of!the!two!central!
pronuclei!(Suomalainen!et!al.!1987).!Because!the!fusion!is!central,!the!pronuclei!
involved!are!descended!from!the!two!alternate!products!of!meiosis!I!(see!Figure!
1!in!Rabeling!and!Kronauer!2013).%Thus,!in!the!absence!of!meiotic!
recombination,!the!thelytokous!offspring!of!a!Capensis!female!are!diploid!
clones!of!their!mother.!However,!wherever!recombination!exchanges!genetic!
material!between!chromosomes!there!is!a!1/3!chance!that!a!locus!that!is!
heterozygous!in!the!mother!will!become!homozygous!in!offspring!(Pearcy!et!al.!
2006,!Oldroyd!et!al.!2008,!Engelstädter!et!al.!2010).!Therefore,!ongoing!
generations!of!thelytoky!should!result!in!populationhwide!homozygosity!at!all!
loci!that!are!free!to!recombine!(Goudie!et!al.!2012).!!
Despite!the!predicted!loss!of!heterozygosity!arising!from!ongoing!
thelytoky,!empirical!studies!have!revealed!remarkably!high!levels!of!
heterozygosity!in!the!Clone!(Baudry!et!al.!2004,!Neumann!et!al.!2010,!Oldroyd!
et!al.!2011).!High!levels!of!heterozygosity!in!the!Clone!have!often!been!
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attributed!to!a!reduction!in!meiotic!recombination!(Moritz!and!Haberl!1994,!
Baudry!et!al.!2004).!However,!Goudie!et!al.!(2012)!demonstrate!that!a!reduction!
in!recombination!is!insufficient!to!explain!current!levels!of!heterozygosity.!This!
is!because!loss!of!heterozygosity!in!an!asexual!lineage!is!ratcheted.!
Heterozygous!mothers!produce!homozygous!daughters!at!1/3!the!rate!of!
recombination!(r),!while!homozygous!mothers!produce!homozygous!offspring!
exclusively!(Engelstädter!et!al.!2010,!Goudie!et!al.!2012).!Thus,!for!any!value!of!r%
>!0,!homozygosity!will!inevitably!accumulate!in!a!thelytokous!lineage.!Goudie!
et!al.!(2012)!reported!variation!in!levels!of!recombination!between!individual!
Clones,!and!suggested!that!a!proportion!of!individuals!may!be!produced!by!
ameiotic!thelytoky,!in!which!recombination!and!loss!of!heterozygosity!is!absent.!
If!this!variation!were!heritable,!it!would!result!in!Clone!lineages!distinguished!
by!different!levels!of!zygosity,!such!as!entirely!heterozygous!lineages!in!which!
all!reproduction!is!ameiotic.!As!such!lineages!are!not!observed,!we!conclude!
that!the!presence!of!individuals!with!low!or!absent!recombination!may!reduce!
the!average!value!of!r%across!the!evolutionary!history!of!the!Clone,!but!not!to!
the!value!of!0!required!to!prevent!the!accumulation!of!homozygosity.!Thus,!
after!over!20!years!of!exclusively!thelytokous!reproduction,!reduction!in!
recombination!cannot!explain!the!maintenance!of!heterozygosity!in!the!Clone!at!
any!but!the!most!centromeric!loci!where!recombination!is!exceedingly!rare!
(Goudie!et!al.!2012).!
SELECTION!MAINTAINS!HETEROZYGOSITY!IN!A.%M.%CAPENSIS%
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 131!
Maintenance!of!heterozygosity!in!the!Clone!can!instead!be!explained!by!
selection!against!homozygous!recombinants!at!genes!that!are!subject!to!
heterozygote!advantage!(Oldroyd!et!al.!2011,!Goudie!et!al.!2012).!In!particular,!
loss!of!heterozygosity!at!the!complementary!sexhdetermining!locus!(csd)!in!
honey!bees!is!lethal!because!homozygosity!at!this!locus!results!in!an!inviable!
diploid!male!(Woyke!1963,!Beye!et!al.!2003).!In!support!of!this!hypothesis,!
Goudie!et!al.!(2012)!showed!that!indeed,!recombination!produces!diploid!males!
that!are!homozygous!at!csd,!but!that!these!recombinants!are!rapidly!removed!
from!the!population,!permanently!retaining!heterozygosity!at!csd.!Goudie!et!al.!
(2012)!further!found!that!homozygosity!at!neutral!microsatellite!markers!across!
the!Clone!genome!was!correlated!with!reduced!survival!between!egg!and!
larval/pupal!life!stages;!a!strong,!if!unconventional,!HFC.!Thus!it!is!selection!
that!maintains!heterozygosity!at!the!csd,!and!selection!combined!with!local!
effects!that!explain!maintenance!of!heterozygosity!at!neutral!markers!in!
proximity!to!the!csd%(Oldroyd!et!al.!2011).!!
It!is!clear!that!selection!maintains!heterozygosity!in!perpetuity!at!the!
homozygoushlethal!csd.!The!question!now!becomes:!how!is!heterozygosity!
maintained!at!neutral!microsatellite!markers!throughout!the!Clone!genome?!
Goudie!et!al.!(2012)!suggested!that!microsatellite!markers!might!be!linked!to!
unidentified!overdominant!loci,!much!like!the!csd,%on!which!selection!acts!to!
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maintain!heterozygosity.!If!so,!local!effects!may!play!a!major!role!in!
maintaining!heterozygosity!in!the!Clone!genome,!and!provide!a!prime!example!
of!the!evolutionary!significance!of!local!effects!and!overdominance!in!the!
generation!of!HFCs.!
Using!contemporary!Clone!workers,!we!performed!chromosome!walks!
on!chromosomes!III!and!IV!and!mapped!the!pattern!of!zygosity!along!these!
chromosomes!at!microsatellite!loci!that!we!assumed!to!be!selectively!neutral.!In!
doing!so!we!identified!the!location!of!loci!that!have!heterozygote!advantage!
and!which!maintain!heterozygosity!at!flanking!neutral!markers!via!local!effects.!
The!csd,%a!locus!under!wellhcharacterised!selection!for!heterozygosity,%is!located!
on!chromosome!III.!Chromosome!IV!is!a!chromosome!of!similar!length!to!III,!
but!lacks!the!csd.!Thus!chromosome!IV!acts!as!a!control!chromosome,!allowing!
us!to!identify!whether!patterns!of!zygosity!similar!to!those!observed!around!csd!
are!also!seen!on!a!chromosome!that!does!not!contain!the!csd.!!
Materials!and!Methods!!
We!studied!42!Clone!workers,!a!subset!of!those!identified!by!Oldroyd!et!al.!
(2011).!We!further!studied!a!sample!of!96!Capensis!drones,!the!progeny!of!a!
queen!from!the!sexual!population!at!Cape!Point,!well!within!the!natural!
Capensis%range!(Beekman!et!al.!2008),!which!we!used!to!determine!rates!of!
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recombination!in!normal!sexual!meiosis!of!Capensis.!Finally,!we!genotyped!a!
sample!of!96!Capensis!workers,!each!collected!from!a!different!colony!across!
the!natural!Capensis!range!(Holmes!et!al.!2010)!which!we!used!to!determine!
allele!frequencies!in!the!contemporary!Capensis!population.!!
DNA!was!extracted!from!all!samples!using!a!high!salt!extraction!method!
(Aljanabi!and!Martinez!1997,!Holmes!et!al.!2010).!On!chromosome!III!we!
genotyped!bees!at!csd!Exon!7!(Oldroyd!et!al.!2011),!and!at!68!microsatellite!loci!
in!Clones,!and!59!microsatellite!loci!in!drones!and!58!microsatellite!loci!in!
workers.!On!chromosome!IV!we!genotyped!bees!at!29!loci!in!Clones,!and!26!loci!
in!drones!and!workers!(Supplementary!Table!S1).!DNA!was!amplified!using!
PCR!as!described!in!Oxley!et!al.!(2008,!2010).!
We!determined!the!chromosomal!haplotypes!of!the!mother!of!our!drone!
sample!indirectly!from!her!drone!progeny.!When!the!mother!was!determined!to!
be!homozygous!at!a!marker!locus!(i.e.!all!drone!progeny!carried!just!one!allele)!
the!locus!was!considered!uninformative!and!was!not!included!in!further!
analysis.!Based!on!the!genetic!map!of!Solignac!et!al.!(2007),!we!then!identified!
pairs!of!linked!markers!along!each!chromosome.!For!each!sequential!pair!of!
informative%linked!markers!we!determined!the!two!maternal!haplotypes!as!
being!the!two!pairs!of!alleles!that!cohoccurred!at!the!highest!frequency!in!the!
brother!haploid!drones.!After!we!had!determined!the!two!maternal!haplotypes!
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for!both!chromosomes,!we!identified!the!recombinant!haplotypes!in!the!drone!
progeny.!The!frequency!of!recombination!between!each!pair!of!markers!was!
then!used!to!calculate!their!genetic!distance!and!the!cumulative!map!distance!in!
cM!of!all!markers!along!the!two!chromosomes.!We!then!compared!these!
distances!with!the!genetic!distances!reported!by!Solignac!et!al.!(2007)!in!the!
progeny!of!a!nonNCapensis%queen.!
The!genotype!of!the!Clone’s!ancestor!was,!when!possible,!inferred!from!
the!contemporary!Clone!individuals!via!parsimony!(Oldroyd!et!al.!2011).!The!
Clone!ancestor!was!inferred!to!have!been!heterozygous!at!a!marker!whenever!
two!alleles!were!identified!across!the!Clone!cohort,!either!in!heterozygous!
individuals!or!in!two!different!homozygous!individuals.!These!markers!are!
thus!considered!informative.!When!only!one!Clone!allele!was!identified!across!
the!Clone!cohort!we!were!not!able!to!distinguish!between!two!possibilities:!1)!
the!Clone!ancestor!was!heterozygous,!and!heterozygosity!has!been!lost!in!the!
current!Clonal!population!due!either!to!selection!or!genetic!drift;!2)!the!Clone!
ancestor!was!homozygous.!For!these!loci!(n!=!46)!we!used!allele!frequencies!in!
the!current!sexual!Capensis!population!(n!=!96)!to!calculate!the!genomehwide!
expected!heterozygosity!in!the!ancestral!clone!worker,!assuming!it!had!
heterozygosity!typical!of!the!sexual!population!at!that!time.!!
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!We!classified!each!locus!in!each!contemporary!Clone!worker!as!being!
either!heterozygous!(1)!or!homozygous!(0).!We!then!calculated!the!frequency!of!
heterozygosity!as!the!average!of!the!values!across!our!Clone!cohort,!such!that!0!
indicates!complete!loss!of!ancestral!heterozygosity!in!all!individuals!and!1!
indicates!maintenance!of!heterozygosity!in!all!individuals!studied.!!
We!plotted!observed!heterozygosity!against!cumulative!map!distance!
(Solignac!et!al.!2007)!for!each!informative!marker!on!chromosomes!III!and!IV.!
We!additionally!plotted!heterozygosity!in!pooled!Clones!against!cumulative!
genetic!distance!measured!in!our!drone!population.!When!the!map!distance!for!
a!marker!could!not!be!determined!in!drones!(i.e.!when!a!marker!was!
homozygous!in!the!mother!and!was!therefore!uninformative),!we!used!the!
distance!of!Solignac!et!al.!(2007)!adjusted!so!that!the!distance!between!flanking!
loci!equaled!that!estimated!from!our!drone!cohort.!!
The!frequency!of!heterozygosity!in!a!thelytokous!population!at!
generation!n%can!be!written!as:!
! !" ! = ! !" !!! 1 − !"#(! !" !!! !"#2 + ! !! !!!) + (! !" !!! 1 − !"# ) + (! !" !!! !"#2 + ! !! !!!)!
! = !! !" !!! 1 − !"# !
!
! ! ! ! ! ! ! ! (Goudie!et!al.!2012)!(1)!
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where!LoH!is!the!probability!that!locus!A,!which!is!heterozygous!in!a!mother,!
will!become!homozygous!in!her!offspring!following!recombination.!LoH!was!
derived!from!a!given!frequency!of!recombination!using!the!Rizet!and!
Engelmann!(1949)!mapping!function!DRE%=!–!⅔!ln(1!–!3LoH).!Following!Goudie!
et!al.!(2012)!we!computed!the!expected!heterozygosity!for!each!marker!along!
the!chromosomes!after!20!(t20)!and!100!(t100)!generations!of!thelytoky!as!a!
function!of!cumulative!map!distance!from!the!two!centromeres.!Expected!
heterozygosity!was!calculated!at!t20!and!t100!based!on!three!assumptions:!1)!
Solignac!et!al.!(2007)!map!distances,!2)!the!empirically!derived!map!distances!
measured!in!our!sexuallyhproduced!drone!cohort,!and!3)!assuming!a!10hfold!
reduction!in!recombination!(Baudry!et!al.!2004)!from!the!Solignac!et!al.!(2007)!
map!distance.!This!allowed!us!to!assess!the!expected!frequency!of!
heterozygosity!at!all!our!marker!loci.!
Results!
Of!the!69!markers!genotyped!in!Clones!on!chromosome!III,!37!were!confirmed!
ancestrally!heterozygous!(i.e.!multihallelic!in!contemporary!Clones).!Of!the!29!
markers!on!chromosome!IV,!15!were!confirmed!ancestrally!heterozygous!
(Supplementary!Table!S1).!We!successfully!amplified!a!total!of!2207!
(chromosome!III)!and!976!(chromosome!IV)!locus/individual!combinations.!
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Loss!of!heterozygosity!with!respect!to!the!inferred!common!ancestor!was!
identified!in!101!(4.6%)!of!all!locus/individual!combinations!on!chromosome!III,!
and!119!(12.2%)!on!chromosome!IV,!indicating!that!a!significantly!higher!
proportion!of!loci!had!lost!heterozygosity!on!chromosome!IV!than!on!
chromosome!III!(PFisher%<!0.001).!!
Expected!heterozygosity!in!the!ancestral!Clone!worker!!
Assuming!that!the!Clone’s!ancestor!was!drawn!from!the!sexual!Cape!
population,!we!can!calculate!its!expected!heterozygosity!at!80!of!93!loci!
(Supplementary!Table!S2),!13!loci!failed!to!amplify!in!our!sample!of!Capensis!
from!the!current!sexual!population.!Expected!heterozygosity!in!the!ancestral!
Clone!worker!averaged!0.80!for!the!loci!on!chromosome!III!and!0.76!on!
chromosome!IV.!
Recombination!fractions!in!sexually_produced!drones!
Our!drone!cohort!was!informative!(i.e.%maternally!heterozygous)!at!40!of!
60!markers!on!chromosome!III!and!19!of!26!markers!on!chromosome!IV.!The!
cumulative!genetic!distance!of!chromosome!III!in!drones!was!275.4!cM,!
compared!to!287.5!cM!reported!by!Solignac!et!al.!(2007).!On!average!the!map!
distance!between!informative!markers!on!chromosome!III!was!0.3!cM!(s.d.!±!
5.9)!shorter!in!our!drone!cohort!than!was!measured!by!Solignac!et!al.!(2007).!
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Genetic!recombination!in!our!drone!cohort!was!lower!than!expected!based!on!
Solignac!et!al.!(2007)!along!the!majority!of!chromosome!III,!but!increased!
markedly!towards!the!telomere!(Figure!1).!This!indicates!that!overall!rates!of!
recombination!on!chromosome!III!were!not!dissimilar!in!the!normal!sexual!
meiosis!of!our!Capensis!queen!and!those!observed!by!Solignac!et!al.!(2007)!in!
progeny!of!a!cross!between!obligately!sexual!A.%m.%ligustica%x%A.%m.%carnica..!In!
contrast,!on!chromosome!IV,!the!distance!between!informative!markers!was!5.2!
±!5.9!cM!less!in!our!drone!cohort!than!previously!measured!by!Solignac!et!al.!
(2007).!The!cumulative!genetic!distance!of!chromosome!IV!in!drones!was!205.3!
cM,!compared!to!299.3!cM!reported!by!Solignac!et!al.!(2007).!This!indicates!that!
the!frequency!of!recombination!on!chromosome!IV!is!lower!in!the!meiosis!of!
Capensis!relative!to!that!observed!by!Solignac!et!al.!(2007).!
Patterns!of!zygosity!along!Clone!chromosomes!
We!hypothesised!that!heterozygosity!is!maintained!in!the!Clone!population!by!
linkage!of!neutral!microsatellite!markers!to!genes!that!have!heterozygote!
advantage.!Under!this!hypothesis!we!predicted!that!along!a!chromosome!there!
would!be!clusters!of!heterozygous!markers!that!are!linked!to!an!overdominant!
locus.!These!heterozygous!regions!would!be!interspersed!with!regions!of!
complete!homozygosity!where!heterozygosity!has!been!lost!by!recombination!
without!
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Figure!1! Correlation!between!cumulative!map!distances!measured!in!sexually!
produced!Capensis!drones!and!those!previously!reported!by!Solignac!et!al.!(2007)!in!a!
progeny!of!obligately!sexual!A.%m.%ligustica!x!A.%m.%carnica.!Cumulative!map!distances!
in!Capensis!drones!are!consistently!lower!than!Solignac!map!distances,!on!
chromosomes!III!(in!blue)!and!IV!(in!red),!as!can!be!observed!by!comparison!to!a!1:1!
correlation!(dashed,!in!green).!
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!protection!by!linkage!to!an!overdominant!gene.!A!runs!test!(Zar!1996),!showed!
no!evidence!of!clusters!of!heterozygous!loci!on!either!chromosome!III!(Z%=!0.42,!
P!=!0.68)!or!IV!(Z!=!0.75,%P!=!0.45).!However,!inspection!of!Figure!2!suggests!that!
the!expected!pattern!is!obscured!by!loci!that!are!nonhinformative!because!the!
Clone!population!is!now!monohallelic.!
For!all!loci!that!are!informative,!the!Clone!retains!remarkably!high!levels!
of!heterozygosity!along!the!length!of!chromosomes!III!and!IV!(Figure!2).!The!
average!individual!heterozygosity!at!informative!markers!was!0.91!on!
chromosome!III!and!0.78!on!chromosome!IV,!suggesting!that!the!frequency!at!
which!heterozygosity!is!maintained!in!the!Clone!lineage!is!significantly!higher!
on!chromosome!III!than!it!is!on!IV!(!!!=!75.6,!P!<!0.0001).!If!contiguous!
homozygous!markers!are!regarded!as!linkage!groups!(single!data!points),!
assumed!to!have!resulted!from!single!loss!of!heterozygosity!events,!this!
difference!remains!significant!(!!!!=!27.46,!P!<!0.0001).!
When!observed!heterozygosity!is!plotted!against!the!Solignac!et!al.!
(2007)!map!distances!(Figure!2),!heterozygosity!was!consistently!higher!along!
both!chromosomes!than!would!be!predicted!under!even!our!most!conservative!
assumptions!about!rates!of!recombination!(Equation!1).!After!20!generations!
with!a!10hfold!reduction!in!recombination!Equation!1!shows!that!we!expect!a!!
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!
Figure!2! The!observed!frequency!of!heterozygosity!in!pooled!Clones!at!each!
informative!marker!(solid!line)!along!chromosomes!III!and!IV!(in!centimorgans!cM),!
relative!to!the!genetic!distances!reported!by!Solignac!et!al.!(2007).!Observed!heterozygosity!
is!compared!to!average!heterozygosity!in!the!sexual!Cape!population!(dashed!horizontal!
line),!which!is!expected!to!approximate!the!heterozygosity!of!the!ancestral!Clone!worker.!
Observed!heterozygosity!is!also!compared!to!predicted!heterozygosity!in!the!absence!of!
selection!(Goudie!et!al.!2012)!after!20!(t20)!and!100!(t100)!generations!of!thelytoky!in!both!the!
presence!and!absence!of!a!10hfold!reduction!in!recombination!(Baudry!et!al.!2004).!Markers!
that!are!homozygous!for!a!single!allele!in!all!Clones!(uninformative!and!possibly!
ancestrally!homozygous)!are!indicated!by!vertical!dashed!lines.!Markers!for!which!two!
alleles!were!identified!(in!either!heterozygous!Clones!or!two!different!homozygous!
genotypes)!are!further!indicated!by!grey!marks!at!the!top!of!the!figure.!
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50%!reduction!in!heterozygosity!for!loci!located!50!cM!from!the!acrocentric!
centromere!(Figure!2).!Equation!1!shows!that!towards!the!telomere,!virtually!all!
heterozygosity!should!be!lost!by!generation!20!(Figure!2).!If!there!is!no!
reduction!in!recombination,!all!heterozygosity!should!be!lost!at!loci!more!than!
80!cM!from!the!centromere!after!just!20!generations!(Figure!2).!However,!we!
estimate!that!more!than!20!years!after!the!Clone’s!emergence,!and!
conservatively!assuming!five!generations!a!year,!the!Clone!has!undergone!more!
than!100!generations!of!thelytokous!reproduction!since!its!last!sexual!ancestor.!
Under!the!more!realistic!assumption!of!100!generations,!and!an!assumed!10h
fold!reduction!in!recombination!(Baudry!et!al.!2004),!we!expect!virtually!all!
heterozygosity!to!be!lost!at!loci!more!than!40!cM!from!the!centromere,!and!
dramatically!reduced!at!loci!more!then!20!cM!from!the!centromere!(Figure!2).!If!
there!is!no!reduction!in!recombination,!heterozygosity!should!be!entirely!lost!at!
loci!more!than!5!cM!from!the!centromere!after!100!generations!of!thelytoky.!
Thus!there!is!strong!evidence!that!in!addition!to!csd,!overdominant!loci!are!
maintaining!heterozygosity!on!chromosomes!III!and!IV.!
When!observed!heterozygosity!is!modified!to!account!for!the!observed!
reduction!in!rates!of!recombination!in!our!sexually!produced!Drone!sample!
relative!to!Solignac!et!al.!(2007)!(Figure!3),!our!conclusions!about!predicted!loss!
of!heterozygosity,!above,!are!unchanged:!observed!heterozygosity!is!higher!
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Figure!3!! The!observed!frequency!of!heterozygosity!in!pooled!Clones!at!each!
informative!marker!along!chromosomes!III!and!IV!(in!centimorgans!cM),!plotted!
against!genetic!distances!reported!by!Solignac!et!al.!(2007)!(solid!line)!and!empirically!
derived!map!distances!measured!in!our!sexuallyhproduced!drone!cohort!(dashed!line).!
Observed!heterozygosity!is!compared!to!predicted!heterozygosity!in!the!absence!of!
selection!(Goudie!et!al.!2012)!after!20!(t20)!and!100!(t100)!generations!of!thelytoky!in!both!
the!presence!and!absence!of!a!10hfold!reduction!in!recombination!(Baudry!et!al.!2004).!
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than!predicted!in!the!absence!of!selection!along!the!length!of!both!
chromosomes.!This!conclusion!is!also!unchanged!if!map!distances!are!corrected!
using!Kosambi’s!(1944)!or!Haldane’s!(1919)!mapping!functions!to!account!for!
double!crossovers!(data!not!shown).!
On!chromosome!III!there!is!no!apparent!relationship!between!
heterozygosity!and!distance!from!the!centromere!(Figure!2).!High!
heterozygosity!is!maintained!at!even!the!most!distant!markers!from!the!
centromere.!Interestingly,!however,!there!are!two!markers!(6844!and!UN125)!
that!have!lost!ancestral!heterozygosity!in!current!Clones,!with!subsequent!
restoration!of!heterozygosity!at!closelyhlinked!telomeric!markers!(K0314!and!
SV196).!Such!architecture!can!only!arise!from!a!simultaneous!double!
recombination!event!in!which!heterozygosity,!lost!at!the!first!crossover,!is!
restored!by!the!second!(Oldroyd!et!al.!2011).!
Chromosome!IV!shows!a!stronger!association!between!distance!from!the!
centromere!and!loss!of!heterozygosity!(Figure!2),!but!heterozygosity!is!still!
higher!than!predicted!in!the!absence!of!selection!for!heterozygotes!(Equation!1,!
Figure!2).!As!with!chromosome!III,!complete!loss!of!heterozygosity!is!observed!
at!marker!K0457,!followed!by!its!restoration!at!closely!linked!marker!UN161!
which!is!slightly!telomeric.!It!is!particularly!interesting!to!note!that!K0457!is!
only!31.8!cM!from!the!centromere.!Therefore,!heterozygosity!has!been!lost!due!
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to!recombination!in!close!proximity!to!the!centromere,!but!restored!by!a!second,!
simultaneous!crossover!before!UN161.!This!appears!to!be!the!signature!of!a!
local!effect!of!a!gene!under!selection!for!heterozygosity!near!UN161.!
Discussion!
The!pattern!of!zygosity!along!chromosomes!III!and!IV!in!the!contemporary!
Clone!population!shows!that!heterozygosity!is!maintained!via!local!effects!
imposed!by!selectively!overdominant!loci.!Complete!loss!of!heterozygosity!
occurs!in!restricted!regions,!with!subsequent!restoration!of!heterozygosity!in!
telomeric!regions.!We!suggest!that!there!are!at!least!three!overdominant!genes!
that!are!maintaining!heterozygosity!at!linked!neutral!loci!on!chromosome!IV,!
and!four!overdominant!genes!(including!the!known!csd!locus)!that!are!
maintaining!heterozygosity!on!chromosome!III.!This!is,!however,!the!most!
conservative!interpretation!of!our!data.!It!is!likely!that!additional!nonhneutral!
genes!maintain!heterozygosity!on!both!of!these!chromosomes!and!indeed!on!
other!chromosomes!in!the!genome.!
Our!Clone!cohort!was!monohallelic!at!47%!of!the!markers!examined.!
However,!allele!frequencies!observed!in!the!contemporary!sexual!Capensis!
population!provide!evidence!that!an!individual!emerging!from!this!population!
to!found!a!clonal!lineage!would!be!heterozygous!at!the!majority!of!these!
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markers.!We!thus!conclude!that!homozygosity!at!many!monohallelic!markers!in!
the!contemporary!Clone!population!is!a!result!of!directional!selection!acting!on!
additive!loci!to!purge!deleterious!alleles!(Goudie!et!al.!2012)!or!genetic!drift.!!
In!Figure!4!we!present!a!descriptive!model!for!the!maintenance!of!
heterozygosity!on!chromosomes!III!and!IV.!On!chromosome!III,!we!propose!
that!heterozygosity!at!neutral!markers!in!Region!1!is!maintained!by!linkage!to!
the!centromere!and!at!least!one!proposed!selectively!overdominant!gene!AIII.!In!
Region!2!we!observe!a!breakdown!in!gametic!disequilibrium!between!AIII!and!
neutral!marker!6844.!In!Region!3,!heterozygosity!is!restored!at!marker!K0314!by!
its!linkage!to!a!proposed!overdominant!gene!BIII.!Heterozygosity!is!maintained!
in!Region!3!by!linkage!to!BIII!and!csd.!In!Region!4!we!again!observe!a!dramatic!
loss!of!heterozygosity!caused!by!a!breakdown!of!gametic!disequilibrium!
between!csd!and!UN152.!Finally,!in!Region!4,!the!proposed!gene!CIII!maintains!
heterozygosity!even!at!the!most!telomeric!loci.!
In!Region!1!of!Chromosome!IV!(Figure!4),!heterozygosity!is!maintained!
by!linkage!to!the!centromere.!In!Region!2!heterozygosity!is!lost!in!95%!of!
individuals!at!marker!K0457!demonstrating!a!breakdown!in!gametic!
disequilibrium!less!than!32!cM!from!the!centromere.!Heterozygosity!is!then!
restored!at!marker!UN161!in!Region!3!by!linkage!to!proposed!selectively!
overdominant!gene!AIV.!Heterozygosity!is!retained!throughout!Region!3!by!
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Figure!4! A!descriptive!model!for!the!maintenance!of!heterozygosity!along!
chromosomes!III!and!IV.!The!observed!frequency!of!heterozygosity!in!pooled!Clones!at!
each!informative!marker!(black!line)!is!plotted!against!the!genetic!distances!reported!by!
Solignac!et!al.!(2007).!The!frequency!of!heterozygosity!ranges!from!complete!maintenance!
(1!on!the!Y!axis)!to!complete!loss!(0!on!the!Y!axis).!Chromosomal!regions!are!designated!by!
numbered!and!shaded!areas.!In!each!region!the!frequency!of!heterozygosity!is!driven!by!
the!interaction!of!selection!and!recombination!acting!at!putative!overdominant!genes.!
Microsatellite!markers!of!particular!interest!are!annotated.!!
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linkage!to!gene!AIV!and!a!second!gene!BIV.!In!Region!4!we!observe!a!gradual!
decline!in!heterozygosity,!resulting!in!moderate!levels!at!the!most!telomeric!of!
informative!markers!(UN303,!where!45%!of!Clones!sampled!maintain!
heterozygosity).!!
Why,!when!heterozygosity!is!maintained,!is!it!often!maintained!at!a!
frequency!less!than!100%?!(See!Figure!1,!where!many!markers!that!retain!
heterozygosity!do!so!at!a!frequency!less!than!1,!e.g.!marker!K0353!on!
chromosome!III!and!K0422!on!chromosome!IV.)!Heterozygous!mothers!
produce!homozygous!offspring!at!1/3!the!rate!of!recombination!(Pearcy!et!al.!
2006,!Oldroyd!et!al.!2008,!Engelstädter!et!al.!2010)!and!homozygous!mothers!go!
on!to!produce!homozygous!offspring!exclusively.!Therefore,!in!the!absence!of!
selection,!we!predict!that!heterozygosity!would!be!either!completely!lost!(in!the!
case!of!loci!that!are!free!to!recombine)!or!maintained!at!100%!(in!the!case!of!
nonhrecombinant!loci),!with!no!intermediate!frequency!at!equilibrium!
(Engelstädter!et!al.!2010,!Goudie!et!al.!2012).!In!contrast,!an!equilibrium!where!
there!are!both!heterozygous!and!homozygous!individuals!in!the!population!can!
be!reached!by!the!interplay!of!selection!with!recombination!(Goudie!et!al.!2012).!
When!the!number!of!homozygous!offspring!removed!from!the!population!by!
selection!at!each!generation!is!equal!to!or!greater!than!the!number!produced!by!
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recombination,!heterozygosity!will!reach!an!equilibrium!greater!than!0!but!less!
than!1.!!
Marker!loci!that!are!tightly!linked!to!a!gene!under!selection!for!
heterozygosity!will!behave!identically!to!the!gene!under!selection.!That!is,!
heterozygosity!will!be!maintained!at!the!marker!at!the!same!frequency!as!the!
selected!gene.!When!linkage!is!relaxed,!so!that!recombination!occurs!between!
marker!and!gene,!marker!loci!can!become!homozygous!while!selected!genes!
maintain!heterozygosity,!i.e.!a!breakdown!in!gametic!disequilibrium!between!
the!marker!and!gene!can!occur.!However,!we!show!below!that!this!process!is!
expected!to!be!slow.!Consider!a!neutral!heterozygous!marker!m,!linked!to!a!
gene!A!that!must!be!heterozygous!A1A2.!Given!an!individual!with!the!
genotype:!
!!!! !!!!! !!
!
with!a!map!distance!of!d!cM!between!A!and!m.!The!proportion!of!offspring!in!
which!heterozygosity!is!lost!(L)!between!A!and!m!(i.e.!in!which!an!offspring!
becomes!homozygous!at!m!while!maintaining!heterozygosity!at!A)!is!
determined!by!the!equation:!
! = !1− !!!!!!!3 !
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! ! ! ! ! ! ! (Rizet!and!Engelmann!1949)!
Thus!if!m%is!located!10!cM!from!A,!heterozygosity!will!be!lost!between!A!and!m!
in!4.6%!of!offspring!each!generation.!If!we!further!consider!that!A!is!freely!
recombining!with!the!centromere,!then!1/3!of!all!offspring!will!lose!
heterozygosity!at!A,!regardless!of!recombination!between!A!and!m.!Thus!the!
combined!probability!of!individuals!being!produced!that!have!lost!
heterozygosity!at!m!while!escaping!selection!at!A!is!3.1%!each!generation.!
However,!in!future!generations!heterozygosity!will!still!be!lost!at!A!in!1/3!of!
these!individuals,!and!so!they!will!continue!to!be!subject!to!selection!that!will!
not!be!detected!at!marker!m.!Therefore!the!populationhwide!frequency!of!
homozygosity!at!neutral!markers!will!increase!over!time.!For!any!marker!
closely!linked!to!a!gene!under!selection,!the!proportion!of!homozygous!
individuals!produced!each!generation!is!sufficiently!small!for!heterozygosity!to!
have!been!maintained!at!neutral!markers!over!the!short!evolutionary!history!of!
the!Clone.!!
The!probability!of!a!recombination!event!between!a!locus!and!its!
centromere!increases!with!distance!from!the!centromere.!Loss!of!heterozygosity!
at!a!given!locus!will!affect!all!loci!in!a!telomeric!direction!unless!heterozygosity!
is!restored!by!a!second!simultaneous!‘rescue’!recombination!event!(Oldroyd!et!
al.!2011).!It!is!important!to!note!that!the!likelihood!of!a!second!recombination!
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event!decreases!as!genomehwide!rates!of!recombination!are!decreased.!
Therefore,!while!reduced!rates!of!recombination!decrease!the!likelihood!of!a!
losshofhheterozygosity!event!occurring,!it!increases!the!number!of!loci!affected!
when!such!an!event!occurs.!If!heterozygosity!were!solely!determined!by!rates!of!
recombination,!there!would!be!a!strong!correlation!between!distance!from!the!
centromere!and!the!frequency!of!heterozygosity.!This!effect!is!not!observed!
(Figure!4).!!
If!recombination!is!rare,!so!that!double!recombinants!are!extremely!rare,!
then!we!would!observe!a!binary!pattern!in!the!genotypes!of!individual!Clones,!
where!a!switch!in!zygosity!occurs!once!along!each!chromosome!at!the!site!of!an!
ancestral!recombination!event,!with!complete!heterozygosity!towards!the!
centromere!and!complete!homozygosity!towards!the!telomere.!The!probability!
of!this!switch!occurring!increases!with!distance!from!the!centromere.!However,!
as!Clones!evolve,!rare!centromeric!recombination!events!would!drive!this!
switch!point!closer!to!the!centromere.!Of!two!chromosomes!in!each!of!42!Clones!
studied,!not!one!displays!this!predicted!single!switch!to!homozygosity!
extending!to!the!telomere!(Supplementary!Figure!S1).!Twentyhone!Clones!show!
a!switch!to!homozygosity!on!chromosome!IV!that!extends!to!the!telomere.!
However,!each!of!these!individuals!has!also!lost!heterozygosity!at!more!
centromeric!loci,!with!subsequent!restoration!of!heterozygosity!that!can!only!be!
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explained!by!a!double!recombination!event!(Oldroyd!et!al.!2011).!Thus,!we!
conclude!that!the!Clone!genome!has!been!shaped!by!frequent!double!
recombination!events.!For!any!reasonable!level!of!recombination!in!the!Clone!
(reduced!or!otherwise)!the!likelihood!of!observing!such!a!clear!signature!of!
double!recombination!is!low,!unless!selection!has!lead!to!an!overrepresentation!
of!double!recombinant!genotypes.!We!suggest!that!selection!acts!strongly!
against!any!individual!in!which!a!single!recombination!event!results!in!loss!of!
heterozygosity!extending!to!the!end!of!the!chromosome.!Thus!the!individuals!
that!lose!heterozygosity!at!some!point!along!the!chromosome,!but!survive!
selection!to!be!represented!in!the!current!population,!will!be!those!that!carry!
doubly!recombinant!genotypes.!!
Negative!interference!(an!increased!probability!of!a!second!
recombination!event!in!proximity!to!a!first)!would!increase!the!probability!of!
double!recombination!events!in!the!Clone,!and!so!of!maintenance!of!
heterozygosity!at!selected!loci!which!are!flanked!by!markers!that!have!lost!
heterozygosity.!However,!the!phenomenon!of!negative!interference!is!rarely!
reported,!and!is!neither!necessary!nor!sufficient!to!explain!the!current!Clone!
genotypes.!Maintenance!of!heterozygosity!at!a!flanking!locus!is!not!the!default!
outcome!of!a!double!recombination!event,!and!so!selection!is!still!required!to!
conserve!those!double!recombination!events!that!result!in!the!advantageous!
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outcome.!Furthermore,!recombination!events!that!result!in!loss!of!
heterozygosity!extending!to!the!telomere!of!the!chromosome!are!still!predicted!
under!a!model!of!negative!interference,!and!it!is!only!when!these!are!selected!
against!that!we!would!predict!the!pattern!of!zygosity!we!observe!in!the!current!
Clone!population.!
While!our!modeling!demonstrates!that!overdominance!is!required!to!
maintain!heterozygosity!under!thelytoky,!there!are!other!mechanisms!that!
result!in!effective!overdominance!at!loci!that!are!not!subject!to!an!inherent!
heterozygote!advantage.!First,!effective!overdominance!can!arise!when!two!
linked!additive!genes!have!deleterious!alleles!in!trans!(i.e.!on!different!
homologous!chromosomes).!In!this!scenario!a!recombination!event!between!the!
loci!and!the!centromere!that!results!in!loss!of!heterozygosity!affecting!both!
genes!will!always!result!in!homozygosity!for!the!deleterious!recessive!allele!at!
one!or!other!of!the!two!loci.!Provided!that!selection!against!homozygosity!for!
the!deleterious!recessive!allele!is!sufficiently!strong!at!both!loci,!such!selection!
could!maintain!heterozygosity!at!both!additive!loci,!without!requiring!
heterozygote!advantage!at!either!locus.!Thus!the!linked!pair!of!genes!will!act!as!
an!overdominant!locus,!until!such!time!as!recombination!between!them!breaks!
down!LD!and!allows!the!deleterious!recessive!alleles!to!be!purged.!!
CHAPTER!5!
! F.!GOUDIE!154
Second,!and!more!speculatively,!unlike!Drosophila%the!honey!bee!has!a!
fullyhfunctional!DNA!methylation!system!(Schaefer!and!Lyko!2007,!Foret!et!al.!
2009),!providing!the!possibility!of!genomic!imprinting!and!parenthspecific!allele!
expression!(Drewell!et!al.!2012).!If!parenthspecific!allele!expression!exists!in!
honey!bee!workers!then!the!Clone!most!likely!maintains!its!ancestral!
methylation!pattern;!otherwise!all!genes!would!be!expressed!based!on!the!
maternal!imprinting!pattern,!which!would!result!in!incorrect!gene!dosage!for!
any!locus!that!normally!shows!parenthofhorigin!gene!expression.!Recombination!
could!result!in!homozygosity!of!either!the!paternally!or!maternally!imprinted!
allele!of!the!ancestral!ancestor,!which!could!be!lethal.!Thus!heterozygosity!may!
be!maintained!as!an!artefact!of!genomic!imprinting.!
We!have!shown!here!that!on!chromosomes!III!and!IV!of!the!Clone!there!are!at!
least!seven!overdominant!genes!(or!gene!combinations)!that!retain!
heterozygosity!at!linked!neutral!markers!via!local!effects.!In!addition,!we!have!
tabulated!from!the!literature!all!known!heterozygous!microsatellite!markers!
identified!thus!far!in!the!Clone!genome!(Table!1).!These!markers!must!be!in!
linkage!disequilibrium!with!overdominant!genes.!Despite!the!fact!that!there!has!
been!no!systematic!search!for!heterozygous!loci!across!the!Clone!genome,!
heterozygous!loci!have!already!been!observed!on!9!of!the!16!honey!bee!!
!
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Table!1! Heterozygous!loci!previously!observed!across!the!Clone’s!genome,!
tabulated!from!the!literature.!!
Chromosome! Marker! References!
I! A43! (Moritz!et!al.!2008)!
I!
K0161hUN162hSV042hSV219h
K0170!
(Goudie!et!al.!2012)!
I! Multiple!Am!series!markers! (Baudry!et!al.!2004)!
II! Multiple!Am!series!markers! (Baudry!et!al.!2004)!
III! csd! (Oldroyd!et!al.!2011)!
III! A023! (Oldroyd!et!al.!2011)!
III! AT089! (Oldroyd!et!al.!2011)!
III! AP059! (Oldroyd!et!al.!2011)!
III! UN157T! (Oldroyd!et!al.!2011)!
III! SV151! (Oldroyd!et!al.!2011)!
III! Multiple!Am!series!markers! (Baudry!et!al.!2004)!
VI! A113! (Härtel!et!al.!2006,!Neumann!et!al.!2010,!Goudie,!et!al.!2012)!
VII! A107! (Moritz!et!al.!2008,!Neumann!et!al.!2010,!Goudie,!et!al.!2012)!
VII! A24! (Moritz!et!al.!2008)!
VIII! A14! (Härtel!et!al.!2006,!Neumann!et!al.!2010,!Goudie,!et!al.!2012)!
XIII! B124! (Härtel!et!al.!2006,!Goudie,!et!al.!2012)!
XIII! Thel1hThel2hThel!3hThel4! (Shaibi!et!al.!2008,!Oldroyd!et!al.!2011)!
XIV! A29! (Goudie!et!al.!2012)!
!
!
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chromosomes!(Table!1).!We!conclude!that!most,!and!most!likely!all,!honey!bee!
chromosomes!have!multiple!selectively!overdominant!loci.!
It!is!generally!held!that!loci!which!show!heterozygote!advantage!are!rare!
(Hedrick!2012),!though!this!view!is!controversial.!For!example,!in!Drosophila%
melanogaster,%when!outbred!individuals!were!generated!by!crossing!highly!
inbred!lines,!approximately!25%!of!all!genes!showed!expression!patterns!
suggesting!overdominance!(Ayroles!et!al.!2009).!In!contrast,!few!loci!remained!
heterozygous!after!the!formation!of!highly!inbred!lines!from!an!outbred!
population!of!Drosophila!(Mackay!et!al.!2012),!suggesting!that!selection!for!
heterozygote!advantage!was!insufficient!to!counteract!the!effects!of!inbreeding.!
However,!it!should!be!noted!that!the!genetic!architecture!of!the!honey!bee!
differs!substantially!from!that!of!Drosophila.%The!breeding!system!of!the!honey!
bee!promotes!outbreeding!(Winston!1987),!whereas!Drosophila%populations!are!
subject!to!frequent!genetic!bottlenecks!(Reviewed!in!Nei!et!al.!1975)!and!so!
overdominant!loci!cannot!be!relied!upon!to!contribute!to!fitness.!On!the!other!
hand,!in!haplodiploid!honey!bees,!overdominance!can!only!occur!in!femaleh
limited!loci!(Clarke!et!al.!1992,!Hedrick!and!Parker!1997).!
Honey!bees!have!rates!of!recombination!that!are!approximately!4!times!
higher!then!most!other!taxa!(Beye!et!al.!2006).!Indeed,!eusocial!Hymenoptera,!
including!the!honey!bee,!have!the!highest!recombination!rate!of!all!
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multicellular!animals!(Wilfert!et!al.!2007).!Kent!et!al.!(2012)!propose!that!high!
rates!of!recombination!in!the!honey!bee!cohevolved!with!eusociality.!They!argue!
that!the!transition!to!eusociality!was!associated!with!low!effective!population!
size,!high!linkage!disequilibrium!and!high!genetic!load.!Therefore!selection!
favoured!high!rates!of!recombination!as!a!means!to!reduce!interference!and!
enhance!natural!selection,!facilitating!the!optimisation!of!caste!phenotypes.!
Similarly,!in!an!asexual!lineage!such!as!the!Clone,!high!rates!of!recombination!
could!facilitate!the!purging!of!deleterious!alleles!(Goudie!et!al.!2012),!while!
allowing!heterozygosity!to!be!maintained!at!overdominant!loci!via!the!selection!
of!multiplyhrecombinant!offspring.!Thus!a!Clone!that!produces!large!numbers!
of!recombinant!gametes!would!benefit!from!the!potential!to!evolutionarily!
‘refine’!its!genome,!particularly!in!the!early!stages!of!its!emergence.!!
The!Clone’s!parasitic!life!history!is!characterised!by!high!rates!of!
reproduction,!low!maternal!investment,!and!concordantly!high!rates!of!
mortality!(Goudie!et!al.!2012)!(i.e.!many!highly!expendable!offspring).!
Therefore,!the!Clone!would!be!well!suited!to!absorbing!the!genetic!load!
imposed!by!loss!of!heterozygosity!at!overdominant!loci,!while!benefiting!from!
the!high!rate!of!recombination.!Furthermore,!competition!between!Clones!limits!
the!proportion!of!offspring!that!can!ever!hope!to!become!reproductively!active.!!
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During!the!course!of!Clone!invasion,!Clones!will!lay!dozens!of!eggs!
inside!brood!cells!that!can!only!support!one.!Once!Clones!are!present!in!a!
colony,!they!quickly!establish!a!dominance!hierarchy!(Martin!et!al.!2002,!Härtel!
et!al.!2011),!so!that!only!a!small!number!of!Clones!become!reproductively!active!
‘pseudoqueens’.!The!remaining!Clones!do!not!reproduce,!nor!do!they!engage!in!
any!work!such!as!foraging!or!brood!care!(Martin!et!al.!2002),!they!simply!exist!
as!an!ongoing!burden!to!the!colony.!For!the!reproductive!Clones,!their!only!
evolutionary!concern!is!that!at!least!one!egg!per!brood!cell!(out!of!often!dozens)!
is!viable,!and!that!enough!offspring!emerge!from!those!brood!cells!to!fill!the!
reproductive!ranks!necessary!to!take!over!the!host!colony.!In!fact,!a!large!excess!
of!nonhreproductive!Clones!may!only!hasten!the!collapse!of!the!colony,!an!
event!which!is!not!beneficial!to!the!parasites!it!contains!(Härtel!et!al.!2011).!
Thus,!during!the!emergence!of!the!Clone!lineage!from!a!background!of!millions!
of!worker!genotypes!transported!into!the!Scutellata!range,!selection!would!be!
predicted!to!favour!a!lineage!with!rates!of!recombination!that!produce!
sufficient!numbers!of!fit!and!highly!virulent!parasites,!regardless!of!whether!
this!also!results!in!high!rates!of!offspring!mortality.!
Finally,!under!a!scenario!of!“low”!rates!of!recombination,!we!would!
predict!the!regular!occurrence!of!a!single!recombination!event!per!chromosome!
(particularly!since!we!know!that!recombination!occurs!in!the!Clone,!and!so!the!
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rate!of!recombination!must!be!greater!then!zero).!When!only!a!single!
recombination!event!occurs,!loss!of!heterozygosity!will!affect!all!telomeric!loci!
in!50%!off!offspring.!In!contrast,!multiple!recombination!events!randomise!
alleles!to!pronuclei,!resulting!in!only!a!1/3!chance!of!loss!of!heterozygosity,!and!
providing!the!opportunity!for!heterozygosity!to!be!‘rescued’!by!additional!
crossovers.!!
While!we!do!not!present!any!empirical!evidence!here!for!the!rate!of!
recombination!in!the!Clone!(before!selection!against!homozygotes),!we!instead!
offer!a!hypothetical!explanation!for!why!selection!might!favour!Clonal!lineages!
with!rates!of!recombination!that!are!high,!rather!than!the!low!rate!that!has!been!
previously!assumed!(Moritz!and!Haberl!1994,!Baudry!et!al.!2004).!This,!
combined!with!the!data!presented!here!and!previously!(Goudie!et!al.!2012),!
provides!a!strong!rational!for!why!research!must!move!away!from!the!a%priori!
assumption!that!low!rates!of!recombination!would!be!favoured!in!clonal!
lineages.!Or!indeed,!a%priori!assumptions!about!selection!in!clonal!lineages!in!
general.!!
We!conclude!that!while!overdominant!loci!are!indeed!infrequent!in!the!
honey!bee!genome!relative!to!the!total!number!of!genes!(i.e.!just!a!few!per!
chromosome),!the!effects!of!these!genes!is!profound.!In!this!natural!system!
where!the!confounding!effects!of!additive!loci!and!general!effects!has!been!
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stripped!away,!we!can!observe!how!overdominant!genes!exerting!local!effects!
have!shaped!the!evolution!of!a!genome.!
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Supplementary!Table!S1! The!alleles!identified!in!our!Clone!cohort!at!68!
microsatellite!loci!on!chromosome!III!and!29!microsatellite!loci!on!chromosome!IV.!
Markers!are!mapped!to!cumulative!distances!(cM)!reported!by!Solignac!et!al.!(2007).!
When!a!single!allele!was!identified!across!the!Clones!studied!we!could!not!determine!
the!zygosity!of!the!Clone!ancestor.!When!two!allele!were!identified!in!the!Clones!
studied,!either!in!heterozygous!individuals!or!in!two!different!homozygous!genotype,!
the!ancestor!was!inferred!to!be!heterozygous.!When!loss!of!heterozygosity!is!observed!
in!the!Clones!studied,!the!alleles!that!are!maintained!in!the!homozygous!individuals!
are!indicated!by!the!subscripts!1!or!2.!Subscripts!reference!supplementary!material!
Figure!S1.!
Chromosome!III! ! Chromosome!IV!
Cumulative!!
map!distance!! Marker!
Population!
alleles!
aa! Cumulative!
map!distance! Marker!
Population!
alleles!
0! UN338! 316,341! ! 9.2! UN311! 191!
4.6! SV242! 144! ! 19.9! AT199! 237,245!
14.5! UN134! 168,172! ! 31.8! K0457! 1311,1302!
17.1! UN386! 298,311! ! 38.1! UN161! 135,137!
28.6! SV197! 231,231! ! 45.1! K0456! 165,171!
31.9! 6230! 119,124! ! 48.3! K0474! 280!
36.1! AT089! 181,198! ! 57.1! 7037! 166!
41.7! K0333! 1701,179! ! 59.6! AC108! 161!
51.5! K0358! 186! ! 65.3! SV113! 185!
52.9! SV211! 158! ! 72.1! K0429! 172!
60.7! AC179! 159,163! ! 74.7! B1280! 1171,136!
69.8! K0330! 221! ! 78.7! AT047! 155!
74.8! K0357B! 1911,194! ! 103.1! K1012! 180,1921!
77.3! AP274! 186! ! 111.5! K0422! 2802,2941!
78.6! SV336! 200! ! 122.2! UN019! 118!
87.3! K0369! 136! ! 130.4! AP284! 136!
89.4! K0370! 178,183! ! 163.9! K0468! 175,182!
93.7! K0327! 113! ! 171! K0417! 2511,2552!
98.8! K0325! 175! ! 181.4! K0416! 198!
101.2! AT160! 148! ! 193.5! K0413! 279,2941!
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! ! !
Chromosome!III! ! Chromosome!IV!
Cumulative!!
map!distance!! Marker!
Population!
alleles!
aa! Cumulative!
map!distance! Marker!
Population!
alleles!
104.4! AP090! 1412,1501! ! 204.4! K0455! 1291,133!
107.6! K0324! 1282,1321! ! 220.2! K0410! 1861,1942!
114! K0366! 2491,2552! ! 227.7! K0453! 2131,223!
119.3! K0322! 1882,1901! ! 244.6! K0408! 2131,2152!
124.8! 5547! 112,1231! ! 255.9! B1198! 134,134!
130.2! K0360! 135! ! 273.3! UN303! 206,2081!
136! SV171! 158,159! ! 275.7! B1075! 178!
142.2! C1477! 105! ! 291.5! B1187! 209!
143.4! K0320! 145! ! 299.3! AC139! 214!
145.8! 6524! 131! ! ! ! !
151.1! AT185! 2041,214! ! ! ! !
152.7! K0371! 1931,197! ! ! ! !
162.5! 6844! 1182,1331! ! ! ! !
162.5! UN045! 198! ! ! ! !
167.6! SV330! 192! ! ! ! !
168.6! BE005! 174! ! ! ! !
173.3! AC184! 140! ! ! ! !
182.8! K0314! 1742,1761! ! ! ! !
186.2! BI257! 234! ! ! ! !
188.4! 5555! 1982,278! ! ! ! !
201.7! UN157T! 109! ! ! ! !
213.5! 6701! 173! ! ! ! !
215.8! K0353! 2261,2502! ! ! ! !
221.3! UN087! 174! ! ! ! !
224! K0352B! 191,195! ! ! ! !
229.6! K0359! 147! ! ! ! !
233.7! SV143! 2111,217! ! ! ! !
235.8! UN115T! 186! ! ! ! !
239! K0351! 234,2361! ! ! ! !
! ! 244.4! K0308! 134! ! ! ! !
248.7! AT066! 2631,268! ! ! ! !
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! ! ! ! ! ! !
Chromosome!III! ! ! ! !
Cumulative!!
map!distance!! Marker!
Population!
alleles!
! ! ! !
250.6! BI335! 2821,290! ! ! ! !
259.83! csdex78! 225,277! ! ! ! !
260.45! Sex3! 192! ! ! ! !
261! Un351! 151! ! ! ! !
261.42! Sex1! 151! ! ! ! !
262.9! K0307! 218,219! ! ! ! !
265.6! UN295! 177,182! ! ! ! !
268.4! UN125! 1172,1181! ! ! ! !
270.3! SV196! 189,190! ! ! ! !
270.3! SV281! 152! ! ! ! !
274.1! K0304B! 213,225! ! ! ! !
277.1! K0303! 190,192! ! ! ! !
278.2! AT123! 132,134! ! ! ! !
279.2! UN119! 298,311! ! ! ! !
283.4! AC105! 166! ! ! ! !
284.4! SV124! 219! ! ! ! !
285.4! SV308! 140! ! ! ! !
287.5! SV151! 180,184! ! ! ! !
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Supplementary!Table!S2! Expected!heterozygosity!calculated!from!allele!
frequencies!in!96!Capensis!workers!from!across!the!contemporary!sexual!population.!
Markers!are!mapped!to!cumulative!distances!(cM)!reported!by!Solignac!et!al.!(2007).!!
*!13!markers!failed!to!amplify!in!this!sample.!
Chromosome!III! ! Chromosome!IV!
Cumulative!!
map!distance! Marker!
Expected!
heterozygosity! aa!
Cumulative!
map!distance! Marker!
Expected!
heterozygosity!
0! UN338! 0.899! ! 9.2! UN311! 0.589!
4.6! SV242! 0.737! ! 19.9! AT199! 0.888!
14.5! UN134! 0.832! ! 31.8! K0457! 0.701!
17.1! UN386! 0.725! ! 38.1! UN161! 0.770!
28.6! SV197! *! ! 45.1! K0456! 0.690!
31.9! 6230! 0.690! ! 48.3! K0474! 0.922!
36.1! AT089! 0.922! ! 57.1! 7037! 0.775!
41.7! K0333! 0.924! ! 59.6! AC108! 0.870!
51.5! K0358! 0.779! ! 65.3! SV113! 0.943!
52.9! SV211! 0.861! ! 72.1! K0429! 0.652!
60.7! AC179! 0.715! ! 74.7! B1280! 0.929!
69.8! K0330! 0.894! ! 78.7! AT047! 0.663!
74.8! K0357B! 0.866! ! 103.1! K1012! *!
77.3! AP274! *! ! 111.5! K0422! 0.753!
87.3! K0369! 0.666! ! 130.4! AP284! 0.691!
89.4! K0370! 0.827! ! 163.9! K0468! 0.748!
93.7! K0327! 0.663! ! 171! K0417! 0.926!
98.8! K0325! *! ! 181.4! K0416! 0.858!
101.2! AT160! 0.775! ! 193.5! K0413! 0.636!
104.4! AP090! 0.910! ! 204.4! K0455! 0.662!
107.6! K0324! 0.562! ! 220.2! K0410! 0.868!
114! K0366! 0.925! ! 227.7! K0453! 0.905!
119.3! K0322! 0.891! ! 244.6! K0408! *!
124.8! 5547! 0.853! ! 255.9! B1198! 0.871!
130.2! K0360! 0.837! ! 273.3! UN303! *!
136! SV171! 0.940! ! 275.7! B1075! 0.264!
142.2! C1477! 0.858! ! 291.5! B1187! 0.895!
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! ! !
Chromosome!III! ! Chromosome!IV!
Cumulative!
map!distance! Marker!
Expected!
heterozygosity! !
Cumulative!
map!distance! Marker!
Expected!
heterozygosity!
143.4! K0320! 0.895! ! 299.3! AC139! 0.722!
145.8! 6524! 0.373! ! ! ! !
162.5! 6844! *! ! ! ! !
162.5! UN045! 0.647! ! ! ! !
167.6! SV330! 0.752! ! ! ! !
168.6! BE005! 0.822! ! ! ! !
173.3! AC184! 0.745! ! ! ! !
182.8! K0314! 0.810! ! ! ! !
186.2! BI257! 0.892! ! ! ! !
188.4! 5555! *! ! ! ! !
201.7! UN157T! 0.832! ! ! ! !
213.5! 6701! *! ! ! ! !
215.8! K0353! 0.923! ! ! ! !
221.3! UN087! 0.898! ! ! ! !
224! K0352B! 0.906! ! ! ! !
229.6! K0359! 0.664! ! ! ! !
233.7! SV143! 0.781! ! ! ! !
235.8! UN115T! *! ! ! ! !
239! K0351! 0.790! ! ! ! !
244.4! K0308! 0.705! ! ! ! !
248.7! AT066! 0.926! ! ! ! !
250.6! BI335! 0.870! ! ! ! !
260.45! Sex3! *! ! ! ! !
261! Un351! 0.900! ! ! ! !
261.42! Sex1! *! ! ! ! !
262.9! K0307! 0.924! ! ! ! !
265.6! UN295! 0.921! ! ! ! !
268.4! UN125! 0.843! ! ! ! !
270.3! SV196! 0.779! ! ! ! !
270.3! SV281! 0.629! ! ! ! !
274.1! K0304B! 0.902! ! ! ! !
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!
! ! ! ! ! ! !
Chromosome!III!
! !
! !
Cumulative!
map!distance! Marker!
Expected!
heterozygosity!
! !
277.1! K0303! 0.839! ! ! ! !
278.2! AT123! 0.698! ! ! ! !
279.2! UN119! 0.812! ! ! ! !
283.4! AC105! 0.741! ! ! ! !
284.4! SV124! 0.622! ! ! ! !
285.4! SV308! *! ! ! ! !
287.5! SV151! 0.286! ! ! ! !
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CHAPTER 5 
HERITABILITY OF WORKER OVARIOLE 
NUMBER IN APIS MELLIFERA CAPENSIS 
Frances!Goudie,!Michael!H.!Allsopp,!Madeleine!Beekman,!Julianne!Lim,!
Benjamin!P.!Oldroyd!
A%version%of%this%chapter%was%published%as:!Goudie,!F.,!M.!H.!Allsopp,!M.!Beekman,!
J.!Lim!and!B.!P.!Oldroyd!(2012)!Heritability!of!worker!ovariole!number!in!
the!Cape!honey!bee!Apis!mellifera!capensis.!Insectes!Sociaux!59:!351h359!
ABSTRACT% In!the!honey!bee!(Apis%mellifera),!a!key!feature!of!the!queen/worker!
caste!dimorphism!is!a!dramatic!difference!in!ovariole!number.!However,!even!
within! the! worker! caste,! variation! in! ovariole! number! is! associated! with!
variance! in! reproductive! potential.! Workers! of! the! Cape! honey! bee,! A.% m.%
capensis,! are! unique! in! that! they! are! able! to! produce!diploid! female! offspring!
asexually,! and! as! a! result! have! a! highly! reproductive! phenotype,! a! central!
feature!of!which!is!high!ovariole!number.!We!show!that!patrilines!(subfamilies!
of! fullhsister! workers! sharing! a! father)! within! colonies! vary! significantly! in!
ovariole!number.!Heritability!of!ovariole!number!was!significantly!greater!than!
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0!in!two!population!samples!(1991h92:!h2!=!0.19!±!0.11;!1992h93:!h2!=!0.57!±!0.19),!
suggesting! a! significant! additive! genetic! as! well! as! an! environmental!
contribution!to!this!trait.!During!the!course!of!this!study!we!indirectly!observed!
the! replacement! (supersedure)! of! a! queen! by! her! workerhproduced!
granddaughter,!providing!confirmation!of! the! reproductive!potential!of!A.!m.!
capensis!workers.!
Apis%mellifera%capensis,!honey!bee,!reproductive!potential,!ovariole!number,!
heritability,!thelytoky!
Introduction!
In!many!animal!societies!reproductive!success!is!not!shared!equally!between!
individuals,!but!rather!it!is!monopolised!by!a!minority.!This!division!in!
reproductive!labour!is!particularly!evident!among!the!social!insects,!and!is!
regarded!as!a!defining!feature!of!true!eusociality!(Michener!1974,!Wilson!and!
Hölldobler!2005).!Variation!in!reproductive!success!is!often!associated!with!
dimorphism!in!reproductive!traits!such!as!ovariole!number!h!the!number!of!the!
filaments!that!form!the!functional!units!of!the!insect!ovary,!and!in!which!eggs!
are!formed.!Ovariole!number!is!positively!correlated!with!fecundity!across!
insect!taxa!(Makert!et!al.!2006).!In!eusocial!insects!ovariole!number!is!often!
strongly!associated!with!reproductive!division!of!labour!between!the!highly!
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reproductive,!royal,!and!less!reproductive,!worker,!castes.!In!the!honey!bee!
(Apis%mellifera),!queens!have!upwards!of!180!ovarioles!per!ovary,!whereas!
workers!typically!have!fewer!than!5!(Winston!1987,!Michener!2000).!
In!honey!bees!ovarian!tissue!is!laid!down!between!the!third!and!early!
fifth!larval!instars!(Dedej!et!al.!1998)!Castehspecific!differences!in!juvenile!
hormone!titers!determine!the!fate!of!ovariole!primordia!as!the!larva!develops!
(Schmidt!Capella!and!Hartfelder!2002).!In!workerhdestined!larvae,!low!juvenile!
hormone!(JH)!titers!during!the!transition!from!larva!to!pupa!triggers!cell!death!
within!the!developing!ovaries,!leading!to!the!disintegration!of!over!95%!of!
ovariole!primordia.!In!queens,!high!JH!titres!result!in!the!majority!of!ovariole!
primordia!continuing!to!develop!as!fullyhformed!ovarioles!(Hartfelder!and!
Steinbruck!1997,!Schmidt!Capella!and!Hartfelder!1998).!!
The!castehfate!of!a!young!honey!bee!larva!is!mediated!by!the!extent!and!
quality!of!larval!feeding.!Queenhdestined!larvae!are!fed!a!higher!concentration!
of!hexose!sugars!than!workerhdestined!larvae!(Shuel!and!Dixon!1959).!
Differential!feeding!results!in!profound!changes!in!gene!expression!(Evans!and!
Wheeler!1999)!gene!methylation!(Lyko!et!al.!2010)!and!JH!titres!(Hartfelder!and!
Engels!1998).!Workerhdestined!larvae!that!are!experimentally!fed!a!high!
concentration!of!glucose!and!fructose!develop!to!a!more!queenhlike!adult!
phenotype,!with!higher!ovariole!number!(Asencot!and!Lensky!1976).!This!interh
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caste!phenotype!can!also!be!generated!by!treating!larvae!with!juvenile!hormone!
(Wirtz!and!Beetsma!1972).!
While!honey!bee!workers!cannot!mate,!they!remain!able!to!lay!
unfertilised!eggs!that!in!most!populations!develop!into!haploid!males!
(Dzierzon!1845)!by!arrhenotokous!parthenogenesis!(White!1973).!Within!the!
worker!caste,!variation!in!ovariole!number!appears!to!be!related!to!
reproductive!potential.!In!queenless!colonies!of!Africanised!honey!bees,%for!
example,%worker!patrilines!(subfamilies!of!fullhsisters!sharing!a!father)!with!
high!average!ovariole!number!are!more!likely!to!become!reproductive!than!
workers!from!patrilines!with!low!ovariole!number!(Makert!et!al.!2006).!
In!the!southern!most!tip!of!South!Africa,!the!indigenous!subspecies!of!
honey!bee!A.%m.%capensis%is!characterised!by!several!unique!reproductive!
features.!Most!remarkably,!eggs!laid!by!unmated!workers!develop!into!diploid!
females!by!thelytokous!parthenogenesis!(Onions!1912,!Verma!and!Ruttner!
1983).!The!ability!of!A.%m.%capensis!workers!to!produce!diploid!female!offspring!
allows!them!to!compete!with!their!queen!and!each!other!to!be!the!mother!of!
new!queens!produced!by!their!colony!(Jordan!et!al.!2008,!Allsopp!et!al.!2010,!
Holmes!et!al.!2010).!An!A.%m.%capensis!worker!that!produces!a!daughter!queen!
thelytokously!is!genotypically!reincarnated!as!a!queen.!Thelytoky!dramatically!
increases!the!reproductive!potential!of!the!A.%m.%capensis!worker!and!this!has!
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apparently!selected!for!traits!related!to!high!reproductive!potential!in!workers.!
Notably,!the!A.%m.%capensis!worker!has!an!average!of!10h20!ovarioles!per!ovary!
(Ruttner!1977,!Hepburn!and!Crewe!1990,!Allsopp!et!al.!2003).!In!contrast,!
workers!in!arrhenotokous!honey!bee!populations!typically!have!far!fewer!
ovarioles!(Winston!1987,!Michener!2000).!Furthermore,!the!number!of!ovarioles!
is!highly!variable!within!the!A.%m.%capensis!population,!and!this!variation!
appears!to!have!a!genetic!component!(Jordan!et!al.!2008).!!
!Understanding!the!mechanisms!of!inheritance!that!underlie!variation!in!
ovariole!number!is!important!to!our!understanding!of!the!role!of!the!ovary!in!
mediating!reproductive!potential!and!division!of!labour!within!the!worker!
caste!(Vergoz!et!al.!2011).!Clearly,!the!inheritance!of!ovariole!number!is!
complex.!Nutrition!plays!an!important!role,!and!is!mediated!by!both!larval!
genotype!and!the!genotype!of!nursehworkers!that!feed!larvae!(Beekman!et!al.!
2000,!Calis!et!al.!2002,!Allsopp!et!al.!2003).!The!direction!of!mating!in!subspecies!
hybrids!can!have!a!profound!effect!on!the!number!of!ovarioles!in!offspring!
(Jordan!et!al.!2008,!Linksvayer!et!al.!2009).!This!suggests!that!ovariole!number!
may!be!regulated!by!a!cohadapted!gene!complex!that!is!disrupted!by!
backcrossing,!or!is!epigenetically!modified!depending!on!the!parent!of!origin.!
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Here!we!use!the!classical!quantitative!genetic!procedure!of!sib!analysis!to!
partition!total!phenotypic!variance!in!ovariole!number!in!an!A.%m.%capensis!
population!into!its!genetic!and!nonhgenetic!components.! !
Materials!and!methods!
We!conducted!two!studies!on!the!population!of!naturally!occurring!A.%m.%
capensis!located!near!Stellenbosch,!(33°56’S,!18°51’E),!Western!Cape,!South!
Africa.!In!the!first!study!we!investigated!variation!in!ovariole!number!between!
patrilines!within!two!colonies.!In!the!second,!we!examined!variation!in!ovariole!
number!between!and!within!colonies!over!time.!
Patrilineal!variation!within!colonies!
To!investigate!the!variation!in!ovariole!number!between!worker!patrilines,!we!
first!procured!a!brood!comb!from!each!of!two!A.%m.%capensis!colonies!(A!and!B)!
and!emerged!workers!in!an!incubator!over!two!days.!Newlyhemerged!workers!
were!marked!to!identify!colony!and!day!of!emergence!and!were!then!
introduced!into!a!single!host!A.%m.%capensis!colony!in!December!2009.!Adult!
workers!were!collected!at!between!5!and!29!days!of!age.!As!ovariole!number!is!
fixed!at!the!pupal!stage,!this!age!variation!is!unimportant,!but!older!workers!are!
easier!to!dissect.!We!dissected!the!workers!(Oldroyd!et!al.!2001)!and!removed!
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the!ovaries.!The!dissected!ovaries!were!placed!on!a!glass!slide!in!a!drop!of!
water!and!covered!with!a!cover!slip.!The!ovarioles!were!separated!by!applying!
gentle!pressure!to!the!coverslip,!and!the!number!of!ovarioles!counted!under!40!
x!magnification.!We!recorded!data!as!the!average!number!of!ovarioles!in!the!left!
and!right!ovary.!For!some!samples!where!an!ovary!could!not!be!located,!the!
score!of!a!single!ovary!was!used.!
We!assigned!the!dissected!workers!to!their!patriline!based!on!their!
multilocus!microsatellite!genotypes.!To!do!this!we!obtained!DNA!from!one!
hind!leg!using!a!high!salt!extraction!method!(Aljanabi!and!Martinez!1997).!Each!
worker!was!genotyped!at!5!unlinked!microsatellite!markers!(UN283,%KO105,%
KO101,%BI326!and!Sex3),!and!3!closely!linked!markers!in!the!‘thelytoky’!linkage!
group!on!chromosome!13!(The2,!The3,!The4)!(Shaibi!et!al.!2008)!(Table!1).!
Microsatellite!markers!were!amplified!in!two!multiplex!polymerase!chain!
reactions!(multiplex!1:!The2/The3/The4/Sex3!and!multiplex!2:!
UN283/KO101/KO105/BI236)!using!standard!PCR!conditions!(Holmes!et!al.!
2010).!PCR!products!(0.02!yl)!were!genotyped!using!a!3130!xl!Genetic!Analyser!
(Applied!Biosystems),!with!capillary!length!36!cm!and!injection!time!of!15!s!at!
1200!V,!for!41!min.!Resultant!data!files!were!analysed!using!Genemapper!
software!(Applied!Biosystems).!
! !!
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Table!1! Microsatellite!genotypes!of!three!A.%m.%capensis!queens,!inferred!from!
progeny,!and!the!primers!used!to!amplify!the!loci.!Multilocus!genotypes!were!used!to!
assign!progeny!to!patrilines,!enabling!quantification!of!patrilineal!variation!in!ovariole!
number!within!colonies.!
!Queen!A2!is!the!thelytokously!produced!granddaughter!of!Queen!A1!(the!
thelytokously!laid!daughter!of!a!sexually!produced!worker).!✜!Closely!linked!markers!
from!the!thelytoky!linkage!group!on!chromosome!13!which!contains!the!putative!
thelytoky!locus!(Lattorff!et!al.!2007).!¤!Null!allele,!a!second!queen!allele!consistently!
failed!to!amplify,!such!that!paternal!alleles!appeared!homozygous.!The!nonhamplified!
allele!segregated!with!the!thelytoky!haplotype!The2:238/The3:na/The4:235.!
!
Marker!
Queen!A1!
genotype!!
Queen!A2!
genotype!!
Queen!B!
genotype! !Forward!Primer! !Reverse!Primer!
The2✜%% 240,246! 243,243! 238,250! GGGAAAGATATTAGGGAGGA!
CGACGAAAAATTACA
AGGAC!
The3!✜% 174,184! 186,186! 196,na¤! TAACTGGTCGTCGGTGTT!
CACGTAGAGAATCCCA
TTGT!
The4✜% 235,237! 224,244! 235,233! GCTGGAAGGGAACTGTAGA!
GGACGCGTTTTAATAT
CTCA!
UN283% 140,126! 140,140! 140,142! CGATTATGAATTTTTAATTTGGCAA!
AGGCATTTATTGGCAT
GTTCAA!
KO105% 227,224! 227,224! 232,241! CGACGGAAGATTTGCTCCA!
TCTTGTCCATCGAATG
GAAGG!
KO101% 198,200! 198,200! 194,195! TCAGGAGCGTACCACGTCG!
AATGTCGAAACGCTGA
TTCG!
BI326% 186,192! 186,193! 191,203! TCGAACATGTCCTCGTCCG!
GCGGTCGGTAATTGAC
GC!
Sex3% 159,195! 191,195! 191,191! AACGTGGAAGATAACTTTAACAA!
ACAATGTTATGATTTTT
CACGA!
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We!inferred!queen!genotype!based!on!the!consensus!genotypes!of!
workers!(Estoup!et!al.!1994).!Workers!possessing!no!inferred!queenhalleles!were!
identified!as!being!offspring!of!nonhnatal!parasites!and!were!removed!from!
further!analysis.!Where!necessary,!workers!were!reassigned!to!a!third!group!of!
progeny!putatively!produced!by!a!thelytokously!produced!‘secondary’!queen!
in!colony!A!(see!below).!Patrilines!were!resolved!by!the!identification!of!drone!
alleles!at!the!5!unlinked!loci!(above)!and!drone!haplotypes!at!the!‘thelytoky’!
linkage!group!(Shaibi!et!al.!2008).!The!effective!number!of!matings!(i.e.!the!
number!of!matings!corrected!for!variation!in!betweenhpatriline!frequency)!was!
estimated!for!each!queen!using!Nielsen’s!correction!(Nielsen!et!al.!2003).!
Variation!in!ovariole!number!was!analysed!using!general!linear!models!
in!SPSS,!with!patriline!nested!within!matriline!and!matriline!nested!within!
colony.!!
Partitioning!between_!and!within_colony!variation!
To!investigate!variation!in!ovariole!number!between!colonies,!we!analysed!3!
previously!unpublished!datasets!collected!by!M.!H.!Allsopp!between!1991!and!
1994.!Each!dataset!comprised!the!average!number!of!ovarioles!in!the!left!and!
right!ovary!in!each!of!20!adult!workers!collected!from!colonies!located!around!
Stellenbosch.!Two!‘single!sample’!datasets!comprised!data!from!24!colonies!
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sampled!between!September!1991!and!March!1992!(1991h92)!and!the!second!
between!September!1992!and!March!1993!(1992h93),!with!16!colonies!common!to!
both!sampling!periods.!A!third!‘repeated!sample’!dataset!comprised!data!from!
5!colonies!sampled!repeatedly!over!14!nonhconsecutive!months!between!
August!1991!and!February!1994!(1991h94).!Workers!had!been!dissected!and!
ovariole!number!determined!as!above.!
For!‘single!sample’!datasets!we!used!onehway!ANOVA!to!examine!
variation!in!ovariole!number!between!and!within!colonies.!For!the!‘repeated!
sample’!we!used!repeated!measures!ANOVA!to!investigate!between!and!within!
colony!variance!and!the!effects!of!repeated!sampling.!Onehway!ANOVA!with!
date!as!an!additional!factor!was!then!used!to!investigate!any!variation!over!
time.!%
The!average!relatedness!(r)!of!the!workers!in!a!colony!is!determined!by!
the!queen’s!mating!frequency,!and!can!be!calculated!as! (Oldroyd!and!
Moran!1983),!where!m!is!the!effective!number!of!matings!(Nielsen!et!al.!2003).!
We!estimated!heritability!(h2)!for!both!‘single!sample’!datasets.!t,!the!intrah
colony!correlation,!was!first!calculated!using!the!withinhcolony!mean!squares!
(MSW)!and!between!colony!mean!squares!(MSF)!which!had!been!determined!by!!
!
€ 
1
4 +
1
2
m
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analysis!of!variance!(above),!using!the!equation:!!
! = ! !!!!!!!!!! !
!
where!σw2!is!the!expectation!of!mean!square!within!colonies!(i.e.!σ2w!=!MSW)!and!
σF2!is!the!expectation!of!mean!square!between!colonies.!σF2!is!derived!from!the!
relationship:!MSF!=!σ2W!+!kσ2F.!k!is!the!weighted!average!of!the!sample!size!
within!colonies!(Falconer!and!Mackay!1996).!We!then!estimated!h2!as!t/r%
(Oldroyd!and!Moran!1983,!Oldroyd!et!al.!1991,!Falconer!and!Mackay!1996).!The!
approximate!standard!error!of!heritability!estimates!was!calculated!according!
to!Becker!(1984).!
Results!!
We!determined!average!ovariole!number!for!2934!workers.!Average!ovariole!
number!ranged!from!1.5!to!38!across!the!4!datasets,!with!a!mean!of!14.70!±!0.097!
(±!s!e).!A!total!of!501!workers!from!2!colonies!were!genotyped!for!patriline!
assignment,!25!of!which!were!identified!as!the!offspring!of!nonhnatal!parasites!
and!removed!from!further!analysis.!In!173!of!these!workers,!only!one!ovary!
could!be!located,!and!so!the!score!of!this!single!ovary!was!used.!While!A.%
mellifera%can!show!asymmetry!in!ovariole!number!between!ovarioles!(Rueppell!
et!al.!2011),!this!is!not!a!significant!factor!in!our!study,!as!we!observed!a!highly!
(1) 
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significant!positive!correlation!in!ovariole!number!between!left!and!right!
ovaries!(r!=!0.727,!P!<!0.01)!and!there!was!no!significant!difference!between!
mean!left!and!right!ovariole!numbers!(P!=!0.482).!
Two!queen!genotypes!were!identified!in!workers!from!colony!A,!
suggesting!that!both!a!‘primary’!and!‘secondary’!queen!were!actively!
producing!workers!within!this!colony!immediately!prior!to!the!time!of!
sampling.!The!majority!of!workers,!347,!were!progeny!of!the!primary!queen!
(A1),!while!72!were!progeny!of!the!secondary!queen!(A2).!Workers!were!
assigned!to!42!and!17!patrilines!respectively,!and!the!effective!number!of!
matings!was!estimated!at!22.2!and!13.6!respectively.!The!existence!of!the!
progeny!of!two!queens!in!colony!A!was!discovered!post%hoc.!As!we!nested!
patriline!within!queen,!the!effect!of!unequal!sample!sizes!between!maternal!
groups!on!our!sib!analysis!is!unbiased.!We!genotyped!128!workers!of!the!single!
queen!of!colony!B!(B1),!among!which!26!patrilines!were!identified,!resulting!in!
an!estimated!20.2!effective!matings.!The!discrepancy!in!the!number!of!workers!
collected!from!each!colony!was!due!to!a!relatively!low!rate!of!recovery!of!
workers!from!colony!B.!The!number!was!still!sufficiently!high!to!detect!
differences!among!patrilines.!
Queen!A2!was!determined!to!be!the!thelytokouslyhproduced!offspring!of!
a!worker!that!had!been!sexually!produced!by!queen!A1!(i.e.!the!thelytokous!
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granddaughter!of!A1)!(Figure!1):!the!two!queens!were!clearly!related,!with!
queen!A2!sharing!queen!A1!alleles!at!5!loci.!Queen!A2!could!not!be!the!
thelytokously!produced!daughter!of!queen!A1,!as!queen!A2!carried!alleles!not!
present!in!queen!A1,!which!are!attributed!to!a!putative!drone!grandfather.!
Queen!A2!was!homozygous!at!all!loci!where!an!allele!from!queen!A1!was!
absent,!a!pattern!which!is!most!parsimoniously!explained!by!the!loss!of!a!
maternal!allele!due!to!loss!of!heterozygosity!resulting!from!thelytokous!fusion!
(Allsopp!et!al.!2010,!Holmes!et!al.!2010,!Goudie!et!al.!2012)!in!a!sexuallyh
produced!progeny!of!queen!A1.!This!hypothesis!is!strengthened!by!the!
identification!of!a!patriline!in!the!progeny!of!A1!that!could!have!given!rise!to!
the!A2!genotype!(i.e.!sired!by!the!‘grandfather’!of!A2).!Queen!A1!may!have!
been!in!the!process!of!being!superseded!by!her!thelytokouslyhproduced!
granddaughter,!resulting!in!mixed!brood!at!the!time!of!sampling.!!
!Patrilineal!variation!within!colonies!
Variation!in!ovariole!number!between!patrilines!was!highly!significant!(Table!
2).!Full!sisters!within!a!patriline!(relatedness,!r!=!0.75)!were!significantly!more!
similar!to!each!other!in!ovariole!number!than!they!were!to!their!half!sisters!(r!=!
0.25)!(Figure!2).!There!was!no!significant!difference!in!ovariole!number!between!
the!2!colonies!or!between!the!offspring!of!the!3!queens!within!colonies!(Table!2).!
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Table!2! Analysis!of!variance!(ANOVA)!showing!the!effects!of!colony,!queen!
nested!within!colony!and!patriline!nested!within!queen!and!colony!on!average!ovariole!
number.!
!
Source! z! d.f.! M.S.! F% P%
Colony! ! 1! 444.5! 16.297! 0.212!
! Error!
!
0.762! 20.8! ! !
Queen(Colony)! ! 1! 29.6! 0.500! 0.481!
! Error!
!
130.805! 7741.6! ! !
Patriline(Queen(Colony))! ! 84! 8247.9! 4.227! <0.0001!
! Error!
!
391! 9083.3! ! !
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Partitioning!between_!and!within_colony!variation!
In!both!‘single!sample’!datasets,!variation!in!ovariole!number!was!significantly!
different!between!colonies!(Table!3,!Figure!2).!Estimates!of!narrow!sense!
heritability!varied!greatly!between!the!two!datasets;!1991h92:!h2!=!0.19!±!0.11,!
1992h93:!h2!=!0.57!±!0.19.!Heritability!was!estimated!assuming!an!average!
relatedness!among!workers!of!r!=!0.250!which!was!calculated!given!m%=!21.2,!the!
average!observed!in!queens!A1!and!B1.!
In!our!‘repeated!sample’!dataset!(1991h94)!there!was!a!highly!significant!
interaction!between!the!effects!of!‘date’!and!‘colony’!on!average!ovariole!
number!(Figure!3).!The!effect!of!colony!was!highly!significant!(Table!4),!
showing!that!workers!within!a!colony!had!significantly!more!similar!average!
ovariole!numbers!than!workers!between!colonies.!When!the!analysis!was!rerun!
with!date!as!a!repeated!measure,!the!effect!of!date!on!average!ovariole!number!
was!nonhsignificant.!Although!there!was!a!highly!significant!interaction!
between!date!and!colony,!the!effect!of!colony!remained!significant!(Table!5).!!
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Table!3! Analysis!of!variance!(ANOVA)!showing!the!effect!of!colony!on!average!
ovariole!number,!during!two!sampling!periods:!1991h1992!and!1992h1993.!
!
Sampling!period:!1991h1992!
Source! d.f.! M.S.! F% P%
Colony! 23! 62.2! 2.636! <0.0001!
Error! 456! 32.6! ! !
!
Sampling!period:!1992h1993!
Source! d.f.! M.S.! F% P%
Colony! 23! 86.8! 4.333! <0.0001!
Error! 455! 20.0! ! !
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!
Figure!2! Variation!in!average!ovariole!number!(mean!±!s.e.)!between!(a)!and!
within!(b)!colonies.!a:!Average!ovariole!number!in!48!colonies!sampled!during!two!
periods!(i:!1991h992,!ii:!1992h1993).!Showing!variation!of!colonies!(column)!around!the!
overall!mean!for!all!bees!sampled!during!a!given!period!(line).!b:!Average!ovariole!
number!in!86!patrilines!represented!in!3!queens!(i:!A1,!ii:!A2,!iii:!B1)!from!3!colonies!(i!
and!ii:!A,!iii:!B).!Showing!variation!among!patrilines!(column)!around!the!overall!mean!
for!the!progeny!of!a!queen!(line).!
10
20
30
40
10
20
30
40
0
10
20
30
40
Patriline
b.i
b.ii
b.iii
0
5
10
15
20
Colony
5
10
15
20
A
ve
ra
ge
 o
va
rio
le
 n
um
b
er
a.i
a.ii
HERITABILITY!OF!OVARIOLE!NUMBER!IN!A.%M.%CAPENSIS%
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 199!
!
Figure!3! Average!ovariole!number!(mean!±!s.e.)!over!time!in!5!colonies!sampled!
at!14!intervals!over!19!months.!Shaded!regions!represent!the!periods!of!reproductive!
swarming!in!the!Stellenbosch!region!(SeptemberhOctober).!
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Table!4! a)!Analysis!of!variance!(ANOVA)!showing!the!betweenhsubject!effect!of!
colony!on!average!ovariole!number,!with!date!as!a!repeated!measure!using!the!
GreenhousehGeisser!correction!for!violation!of!the!assumption!of!sphericity.!b)!
Multivariate!test!showing!the!interaction!between!date!and!colony!in!repeated!
samples.!
!
a)!Repeated!measures!ANOVA!with!GreenhousehGeisser!
adjustment!to!degrees!of!freedom!
Source! d.f.! M.S.! F% P%
Colony! 4! 216.1! 7.989! <0.0001!
Error! 89! 27.1! ! !
Date! 10.8! 68.6! 2.659! 0.002!
Date*Colony! 43.2! 90.4! 3.503! <0.0001!
! Error! 962.0! 25.8! ! !
!
b)!Multivariate!test,!Roy’s!Largest!Root!
Effect! d.f.! Value! F% P%
Date! 13! 0.438! 2.593! 0.005!
! Error! 77! !
Date*Colony! 13! 2.053! 12.633! <0.0001!
! Error! 88! !
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Table!5! Analysis!of!variance!(ANOVA)!of!the!effect!of!colony!and!date!on!
average!ovariole!number.!!
!
Source! d.f.! M.S.! F% P%
Colony! 4! 248.8! 3.148% 0.022%
! Error! 52! 79.0! % %
Date! 13! 62.0! 0.785% 0.672%
! Error! 52! 79.0! % %
Colony!*!Date! 52! 79.1! 3.579% <0.0001%
! Error! 1325! 22.1! % %
!
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Discussion!
All!is!not!equal!within!an!A.%m.%capensis!colony.!Workers!vary!in!their!ovariole!
number,!and!we!have!shown!that!a!large!proportion!of!this!variation!is!
heritable.!A.%m.%capensis!patrilines!endowed!with!a!large!number!of!ovarioles!
most!likely!enjoy!a!reproductive!advantage!over!patrilines!with!lower!average!
ovariole!number.!In!arrhenotokous!honey!bees,!patrilines!with!higher!ovariole!
numbers!dominate!in!the!production!of!drones!in!queenless!conditions!(Makert!
(Makert!et!al.!2006).!In!thelytokous!A.%m.%capensis!such!patrilines!may!dominate!
the!production!of!workerhlaid!queens.!Although!such!a!relationship!is!yet!to!be!
empirically!demonstrated,!it!is!nonetheless!known!that!there!are!strong!
patrilineal!differences!in!reproductive!dominance,!and!this!variation!has!a!
genetic!component!(Moritz!and!Hillesheim!1985,!Moritz!et!al.!1996,!Jordan!et!al.!
2008).!
How!does!patrilineal!variation!in!ovariole!number!arise!in!A.%m.%capensis?!
Two!nonhexclusive!mechanisms!are!plausible.!First,!ovariole!number!may!be!
influenced!by!a!series!of!loci!that!act!more!or!less!additively!(Jordan!et!al.!2008).!
F1!hybrids!of!A.%m.%capensis!and!the!arrhenotokous!subspecies!A.%m.%scutellata!
display!an!intermediate!phenotype,!as!do!workers!from!the!backcross!to!A.%m.%
capensis.!Workers!of!a!backcross!to!A.%m.%scutellata!approach,!but!do!not!equal,!
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the!parental!A.%m.%scutellata!phenotype.!Ovariole!number!shows!relatively!low!
responsiveness!to!elevated!levels!of!larval!provisioning!(Calis!et!al.!2002,!
Allsopp!et!al.!2003,!Jordan!et!al.!2008).!Thus!the!ovariole!number!of!an!
individual!may!be!determined!primarily!by!the!additive!effect!of!loci!and!
alleles!that!act!on!physiological!traits!such!as!juvenile!hormone!titer!during!
early!development,!with!a!relatively!small!environmental!component.!
!Second,!higher!ovariole!number!in!certain!patrilines!may!arise!from!
genetically!determined!differences!in!brood!pheromone!production!and!
provisioning!(Calis!et!al.!2002,!Allsopp!et!al.!2003).!While!the!responsiveness!of!
ovariole!number!in!A.%m.%capensis!to!environmental!manipulation!is!reduced!
relative!to!other!traits!like!presence!or!absence!of!a!spermatheca!(Allsopp!et!al.!
2003,!Jordan!et!al.!2008),!the!trait!still!displays!a!degree!of!plasticity!(Calis!et!al.!
2002).!The!effect!of!brood!provisioning!has!not!been!investigated!at!the!level!of!
patriline!variation.!It!remains!possible!that!larvae!belonging!to!reproductively!
dominant!patrilines!may!simply!‘ask’!for!more!food,!altering!the!behavioural!
response!of!nurse!workers!and!resulting!in!higher!ovariole!number!due!to!a!
nutritionhrelated!increase!in!juvenile!hormone!titer.!This!effect!is!observed!
when!A.%m.%capensis!larvae!are!crosshfostered!into!a!colony!of!arrhenotokous!
subspecies!(Allsopp!et!al.!2003).%
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Significant!additive!genetic!variation!for!a!trait!that!is!related!to!
reproductive!success!is!unexpected.!Traits!related!to!fitness!tend!to!be!under!
strong!directional!selection,!which!rapidly!erodes!additive!genetic!variance!
(Falconer!and!Mackay!1996,!Roff!1997).!Equally!surprising!is!the!high!additive!
genetic!variance!previously!reported!for!a!range!of!other!traits!related!to!
reproductive!dominance!in!A.%m.%capensis!workers.!Moritz!and!Hillesheim!
(1985)!proposed!a!competitive!group!selection!model!(Wilson!1975,!Starr!1979,!
Hillesheim!et!al.!1989)!to!explain!the!maintenance!of!polymorphism!in!worker!
reproductive!traits!in!A.%m.%capensis.!Colonyhlevel!selection!may!act!against!
worker!reproduction,!due!to!decreased!colonyhlevel!fitness!of!colonies!in!which!
too!many!reproductivelyhdominant!genotypes!are!present!(Beekman!et!al.!2008,!
Beekman!et!al.!2011).!Meanwhile,!selection!at!the!level!of!the!individual!or!
subfamily!may!favour!worker!reproduction.!Colonies!experimentally!
composed!of!only!‘subordinate‘!(i.e.!nonhreproductive)!A.%m.%capensis!workers!
outperform!colonies!comprised!only!of!‘dominant’!workers!or!of!a!mixture!of!
dominant!and!subordinate!workers!(Hillesheim!et!al.!1989).!Selection!for!
reproductive!dominance!among!workers!may!be!frequency!dependent!
(Montague!and!Oldroyd!1998),!and!this!counterhbalance!of!colonyhlevel!and!
individualhlevel!selection!may!be!the!factor!that!maintains!such!high!levels!of!
additive!genetic!variation.!
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An!alternative!explanation!for!the!maintenance!of!polymorphism!in!
ovariole!number!may!lie!in!the!genetic!architecture!of!the!trait.!While!it!has!
been!suggested!that!ovariole!number!in!A.%m.%capensis!has!an!additive!pattern!of!
inheritance!(Jordan!et!al.!2008),!the!reality!may!not!be!so!simple.!In!
arrhenotokous!subspecies,!worker!ovariole!number!appears!to!have!a!complex!
genetic!architecture!in!which!backcross!workers!show!extreme!phenotypes!
never!seen!in!parental!populations!(Linksvayer!et!al.!2009).!Furthermore,!
ovariole!number!may!be!mediated!by!interacting!factors!possibly!including!
epigenetic!inheritance!and!differential!larval!provisioning!(Shuel!and!Dixon!
1959,!Calis!et!al.!2002,!Allsopp!et!al.!2003,!Beekman!et!al.!2006,!Beekman!et!al.!
2011).!Larval!provisioning!is!influenced!in!turn!by!potentially!complex!
interactions!between!nurse!and!larval!genotypes.!Highhlevel!interactions!
between!a!range!of!environmental,!genetic!and!epigenetic!factors!may!limit!the!
responsiveness!of!the!trait!to!natural!selection.!!
We!observed!a!highly!significant!interaction!between!colony!and!date!of!
sampling.!This!interaction!may!explain!the!high!variation!in!heritability!
estimates!between!different!sampling!periods.!The!significant!interaction!of!
sampling!date!with!ovariole!number!may!be!due!to!periodic!environmental!or!
reproductive!factors!such!as!turnover!of!brood!genotype!following!queen!
supersedure!events,!altered!levels!of!brood!provisioning!resulting!from!
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fluctuations!in!environmental!conditions,!or!the!reproductive!state!of!the!colony!
(Woyke!1999,!Jordan!et!al.!2008,!Allsopp!et!al.!2010,!Holmes!et!al.!2010).!The!
interaction!emphasises!that!the!number!of!ovarioles!is!strongly!influenced!by!
genotype!and!environment.!
During!the!course!of!our!study!we!indirectly!observed!the!supersedure!
of!a!queen!by!her!thelytokouslyhproduced!granddaughter,!i.e.!the!thelytokously!
produced!daughter!of!a!sexually!produced!natal!worker!(Figure!1).!This!
‘thelytokous’!queen!had!mated!and!was!actively!producing!worker!offspring!
sexually!at!the!time!the!colony!was!sampled.!About!10%!of!A.%m.%capensis!
workers!are!the!thelytokous!offspring!of!other!workers!(Beekman!et!al.!2009)!
and!anywhere!from!5!to!85%!of!queen!pupae!are!thelytokously!produced!by!
workers!(Jordan!et!al.!2008,!Allsopp!et!al.!2010,!Holmes!et!al.!2010).!More!
importantly,!workerhproduced!queens!are!capable!of!inheriting!the!colony,!
mate!and!produce!viable!offspring!(this!study!and!Beekman!et!al.!2011).!The!
success!of!workerhproduced!queens!provides!confirmation!of!the!reproductive!
potential!of!the!A.%m.%capensis!worker,!a!potential!that!is!assumed!to!have!driven!
the!selection!for!traits!relating!to!worker!reproduction,!including!high!ovariole!
number.!
The!presence!or!absence!of!totipotency,!when!all!individuals!have!equal!
reproductive!potential,!affects!selection!on!reproductive!traits!(Beekman!et!al.!
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2008).!When!all!individuals!are!totipotent,!we!expect!high!levels!of!conflict!over!
reproduction,!whereas!the!opposite!is!the!case!when!reproductive!and!worker!
castes!are!morphologically!distinct!(Beekman!et!al.!2006).!If!there!is!no!chance!of!
becoming!reproductively!active,!there!is!no!point!in!fighting!over!reproduction.!
Honey!bee!workers!cannot!mate!and!so!have!lost!their!totipotency.!In!
arrhenotokous!honey!bees,!workers!can!only!produce!haploid!male!offspring,!
whose!chance!of!mating!is!slim.!Moreover,!the!kin!structure!within!a!honey!bee!
colony!promotes!policing!by!workers!of!their!worker!sisters’!reproductive!
efforts!(Ratnieks!1988).!Therefore,!an!arrhenotokous!worker!has!little!to!gain!by!
pursuing!direct!reproduction.!As!a!result,!conflict!within!the!arrhenotokous!
honey!bee!colony!is!relatively!low.!In!contrast,!the!thelytokous!A.%m.%capensis!
worker!has!found!a!way!around!this!loss!of!totipotency.!Even!though!she!
cannot!mate,!thelytoky!allows!an!A.%m.%capensis!worker!to!effectively!be!
reincarnated!as!a!queen,!with!all!the!reproductive!benefits!that!that!entails!
(Greeff!1996,!Greeff!1996).!As!a!result,!we!observe!a!high!level!of!conflict!within!
the!A.%m.%capensis!worker!population,!which!is!expressed!not!only!in!high!
ovariole!number,!but!also!in!genetically!determined!variation!in!this!
reproductive!trait.!
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CHAPTER 6 
ARRHENOTOKY IN THE NORMALLY 
THELYTOKOUS APIS MELLIFERA 
CAPENSIS WORKER 
Frances!Goudie,!Michael!H.!Allsopp,!Michel!Solignac,!Madeleine!Beekman,!
Benjamin!P.!Oldroyd!
This%chapter%was%published%as:!Goudie!F.,!Allsopp!M.H.,!Solignac!M.,!Beekman!
M.,!Oldroyd!B.P.!2015.!The!frequency!of!arrhenotoky!in!the!normally!
thelytokous!Apis%mellifera%capensis!worker!and!the!Clone!reproductive!
parasite.!Insectes%Sociaux!26:!325h333!
ABSTRACT! In!most!honey!bees,!unfertilised!eggs!develop!into!haploid!males!
via!arrhenotokous!parthenogenesis.!The!Cape!honey!bee!(Apis%mellifera%capensis)!
is! different.! Although! mated! queens! always! produce! females! sexually,! if!
workers! lay! unfertilised! eggs! the! eggs! develop! into! diploid! females! via!
thelytokous! parthenogenesis.! Thelytoky! in!A.%m.% capensis! has! given! rise! to! an!
entirely! clonal! lineage! of! reproductive! parasites! that! infests! colonies! of! their!
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neighbouring! subspecies! A.% m.% scutellata.! The! switch! from! arrhenotoky! to!
thelytokous!worker! reproduction! is! thought! to! be! determined! by! a! recessive!
allele! at! a! single! locus.!However,! it! has! recently! been! shown! that! this! simple!
phenotype/genotype! association! may! be! more! complex! because! individuals!
from!the!parasitic!clonal!lineage!produce!c.a.!15%!of!eggs!arrhenotokously!and!
85%!of!eggs!thelytokously.!Here!we!investigate!the!fate!of!these!arrhenotokous!
eggs!and! show! that! they! can!develop! into!adult!males.!We! further! show! that!
workers! of! the! sexual! A.% m.% capensis! population! produce! far! fewer!
arrhenotokous! eggs.! We! discuss! possible! evolutionary! explanations! for! this!
difference.!
Apis%mellifera%capensis,%asexual,!reproductive!parasitism,!haplodiploid,!
mixed!reproductive!strategy!
Introduction!
The!Cape!honey!bee,!Apis%mellifera%capensis!(hereafter!Capensis),!is!a!subspecies!
of!honey!bee!native!to!the!Western!Cape!and!Eastern!Cape!provinces!of!South!
Africa.!Capensis!is!the!only!honey!bee!subspecies!in!which!workers!are!
ubiquitously!thelytokous:!unmated!Capensis!workers!lay!unfertilised!eggs!that!
develop!into!diploid!daughters!(Onions!1912)!via!thelytokous!parthenogenesis!
(Verma!and!Ruttner!1983).!In!contrast,!unfertilised!eggs!laid!by!workers!of!
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other!honey!bee!subspecies!develop!into!haploid!males!via!arrhenotokous!
parthenogenesis.!!
A!thelytokous!worker!produces!nearhclonal!copies!of!herself!(Greeff!and!
Villet!1993,!Greeff!1996).!Thus,!thelytoky!alters!relatedness!coefficients!within!a!
Capensis!colony,!reducing!the!kinhselected!benefits!of!worker!selfhrestraint!and!
policing!(Greeff!1996,!Moritz!et!al.!1999,!Beekman!and!Oldroyd!2008).!Further,!
thelytoky!provides!the!Capensis!worker!with!the!possibility!of!laying!a!
thelytokous!egg!that!is!raised!as!a!queen,!resulting!in!the!worker’s!effective!
genetic!reincarnation!as!the!colony’s!next!queen!(Beekman!and!Oldroyd!2008).!
Up!to!60%!of!new!queens!produced!by!Cape!colonies!are!the!daughters!of!
workers!(Jordan!et!al.!2008,!Allsopp!et!al.!2010,!Holmes!et!al.!2010,!Moritz!et!al.!
2011).!!
A!stable!hybrid!zone!separates!Capensis!from!a!second!subspecies,!A.%m.%
scutellata!(hereafter!Scutellata)!that!occupies!the!rest!of!South!Africa!and!
countries!to!its!north!(Hepburn!and!Crewe!1991).!It!was!once!feared!that!the!
more!competitive!and!aggressive!Scutellata!might!drive!the!uniquely!
thelytokous!Capensis!to!extinction!(Anderson!1980).!As!it!has!turned!out,!these!
fears!proved!unfounded.!Scutellata!colonies!brought!into!contact!with!Capensis!
instead!become!parasitised!with!reproductive!Capensis!workers!and!die!
(Allsopp!1992).!Despite!the!parasitic!potential!of!Capensis,!and!the!proven!
CHAPTER!6!
! F.!GOUDIE!222
invasive!potential!of!Scutellata!(Winston!1992),!neither!subspecies!appears!able!
to!cross!the!South!African!hybrid!zone!without!human!assistance.!Colonies!that!
contain!a!mix!of!Capensis!and!Scutellata!genotypes!may!have!reduced!fitness,!
due!to!a!breakdown!in!reproductive!division!of!labour!arising!from!mismatches!
in!reproductive!signaling!between!the!genotypes!(Beekman!et!al.!2000,!Allsopp!
et!al.!2003,!Beekman!et!al.!2008),!thus!stabilising!the!hybrid!zone.!!
On!at!least!three!occasions,!two!historic!and!one!current,!humans!have!
actively!moved!Capensis!colonies!across!the!hybrid!zone,!at!which!point!
thelytoky!enabled!the!emergence!of!specialised!reproductive!parasites!(Martin!
et!al.!2002).!The!current!thelytokous!lineage,!hereafter!termed!‘The!Clone’,!
emerged!in!1990!following!the!movement!of!approximately!200!Capensis!
colonies!across!the!hybrid!zone!(Allsopp!and!Crewe!1993,!Beekman!et!al.!2008).!
From!here,!a!single!Capensis!worker!founded!the!Clone!(Kryger!2001,!Baudry!
et!al.!2004,!Oldroyd!et!al.!2011).!The!Clone!is!an!entirely!asexual,!obligatorilyh
parasitic!lineage,!which!invades!Scutellata!colonies!(Allsopp!and!Crewe!1993,!
Neumann!and!Moritz!2002).!Today!the!Clone!comprises!hundreds!of!thousands!
of!individual!workers!that!parasitise!hundreds!of!Scutellata!colonies!at!any!one!
time.!Clone!invasion!inevitably!leads!to!the!collapse!of!the!host!Scutellata!
colony!after!its!queen!is!lost!and!the!host!colony’s!resources!are!exhausted!by!
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the!burden!of!an!everhincreasing!number!of!thelytokous!Clone!offspring!that!do!
not!work!but!merely!reproduce!(Martin!et!al.!2002,!Oldroyd!2002).!!
The!switch!between!thelytokous!and!arrhenotokous!worker!
reproduction!is!thought!to!be!under!the!control!of!a!single!recessive!locus!
thelytoky%(th)!(Lattorff!et!al.!2007).!Differential!splicing!of!the!transcription!factor!
CP2,!a!homolog!of!the!Drosophila!transcription!factor!gemini,!results!in!the!
development!of!the!thelytokous!phenotype!(Jarosch!et!al.!2011).!Lattorff’s!
genetic!model!predicts!that!all!workers!that!are!homozygous!for!the!thelytokyh
inducing!allele!at!the!th%locus!will!reproduce!exclusively!via!thelytoky!(Lattorff!
et!al.!2007).!However,!growing!evidence!suggests!that!the!reality!is!more!
complex!(Chapman!et!al.!2014).!Beekman!et!al.!(2009)!found!that!ca.!0.3%!of!
drones!produced!by!eight!Capensis!colonies!were!the!sons!of!workers,!based!on!
the!presence!of!two!workerhproduced!males!in!a!sample!of!47!males!from!one!
of!the!colonies!studied.!Because!of!their!low!frequency,!such!drones!are!
plausibly!the!result!of!errors!during!thelytoky,!such!as!a!failure!of!the!meiotic!
pronuclei!to!fuse.!However,!Goudie!et!al.!(2012)!found!that!approximately!one!
in!eight!eggs!laid!by!Clone!workers!are!haploid.!Thus!it!appears!that!
homozygosity!for!the!th%allele!does!not!entirely!preclude!Capensis!workers!
from!reproducing!arrhenotokously.!Furthermore,!frequent!arrhenotokous!
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reproduction!may!be!a!peculiar!feature!of!the!Clone,!a!seemingly!contradictory!
observation!for!a!lineage!that!is!characterised!by!its!thelytoky.!!
!Clearly!Clones!produce!eggs!both!via!thelytoky!and!arrhenotoky,!but!
what!is!the!fate!of!these!malehdestined!eggs?!Although!c.a.!12.5!%!of!Clonehlaid!
eggs!are!haploid,!the!number!of!haploid!males!observed!in!Clone!brood!
decreases!dramatically!to!c.a.!3%!by!the!larval!stage,!suggesting!that!Clone!
males!are!either!inviable!or!are!selectively!removed!by!their!Scutellata!hosts!
(Goudie!et!al.!2012).!However,!the!experimental!colonies!of!Goudie!et!al.!did!
not!contain!drone!cells!–!the!slightly!larger!brood!cells!normally!used!for!
rearing!drones!–!but!only!the!smaller!cells!that!bees!use!for!rearing!workers!
(Winston!1991).!It!is!therefore!possible!that!haploid!eggs!were!removed!merely!
because!they!had!been!laid!in!cells!of!incorrect!size.!If!so,!it!may!be!possible!that!
Clonehproduced!arrhenotokous!eggs!laid!in!drone!cells!are!reared!to!maturity.!
If!reared,!these!Clonehlaid!males!would!provide!a!potential!pathway!for!gene!
flow!from!the!Clone!population!into!the!Scutellata!host!population.!!
Here!we!address!the!question!of!the!biological!significance!of!haploid!
male!offspring!of!Capensis!and!Clone!workers.!First,!we!determine!the!
frequency!at!which!haploid!males!are!produced!in!Scutellata!colonies!
artificially!infested!with!Clone!workers.!Second,!we!survey!males!from!
naturallyhinfested!Scutellata!colonies!to!determine!if!any!adult!or!pupal!males!
ARRHENOTOKY!IN!A.%M.%CAPENSIS%!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 225!
are!Clonehproduced.!Third,!we!determine!the!frequency!at!which!Clone!
workers!lay!haploid!male!eggs!in!the!drone!cells!of!Scutellata!colonies.!Finally,!
we!determine!the!frequency!at!which!‘normal’!(nonhClone)!Capensis!workers!
from!the!sexual!population!produce!haploid!male!eggs.!In!doing!so,!we!
examine!whether!it!is!likely!that!the!production!of!haploid!males!is!a!derived!
feature!of!the!Clone!or!ancestral!to!its!emergence.!!
Materials!and!Methods!
Genotyping!
We!isolated!DNA!from!adults!and!pupae!by!boiling!one!hind!leg!in!200!yl!of!5!
%!Chelex!solution,!while!whole!eggs!were!boiled!in!50!yl!of!5!%!Chelex!solution!
(Walsh!et!al.!1991,!Estoup!et!al.!1996).!Extracts!were!then!genotyped!as!
described!in!Baudry!et!al.!(2004)!for!the!2002!samples!and!Goudie!et!al.!(2012)!
for!the!2012!samples.!Putative!Clones!were!genotyped!at!23!microsatellite!loci!
(Table!1),!and!csd%exon%7!(Oldroyd!et!al.!2011).!PCR!products!(0.02!yl)!were!
genotyped!using!a!3130!xl!Genetic!Analyzer!(Applied!Biosystems,!Foster!City,!
CA).!Resultant!data!files!were!analysed!using!Genemapper!software!(Applied!
Biosystems).!
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Table!1! Putative!Clone!males!were!genotypes!at!23!microsatellite!markers.!Loci!are!
unlinked!and!located!across!12!chromosomes.!Eight!loci!are!located!in!the!centromeric!
region!of!their!chromosome!(c),!twelve!in!the!telomeric!region!of!their!chromosome!(t)!and!
three!located!centrally,!neither!telomeric!or!centromeric!(m).!Cumulative!Haldane!distance!
(cM)!are!reported!when!available.!All!individuals!collected!from!artificiallyhinfested!
Scutellata!colonies!were!genotyped!at!the!four!loci!indicated!in!bold.!Primers!and!core!
sequences!are!given!in!(Solignac!et!al.!2004,!Solignac!et!al.!2007).!!
Locus! Chromosome!
Cumulative!!
Haldane!distance!
Position!on!
!chromosome!
A079! I! 33.9! c!
4A31! I! h! c!
Ap055! I! 582.8! t!
At113! II! 71.7! c!
At124! II! 325.2! t!
A023! III! 12.1! c!
Ap66! III! 188.4! m!
At066! III! 248.7! t!
Ap043! III! 276! t!
At123! III! 278.2! t!
At055! IV! h! c!
Ap143! V! 272.6! t!
At153! VI! h! c!
Ap154! VI! 316.5! t!
Ac011! IX! 219.1! t!
4A64! X! h! m!
Ap133! XI! h! t!
Ap012! XII! 13.3! c!
Av015! XII! 183.1! t!
Ap177! XII! 204.8! t!
A124! XIII! h! c!
At024! XIII! 92.5! m!
A004! XIV! 186.3! t!
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Clone!drones!from!artificially_infested!Scutellata!colonies!
In!October!2002!we!collected!two!frames!of!Clonehproduced!brood!from!a!
Scutellata!colony!in!Pretoria!(25°44”S!28°11”E)!that!had!become!Clonehinfested!
via!natural!causes.!Approximately!500!Clones!emerged!from!these!frames,!and!
we!introduced!100!of!them!into!a!queenless!Scutellata!host!colony!comprising!
three!frames!of!emerging!Scutellata!brood!and!four!frames!of!Scutellata!
workers.!A!sample!of!25!Clones!was!also!collected!for!genetic!analysis!to!
confirm!their!provenance.!After!artificial!infestation!by!the!young!Clone!
workers,!we!maintained!the!host!colony!by!the!addition!of!one!or!two!frames!of!
Scutellata!brood!every!two!to!three!weeks.!In!January!2003,!approximately!13!
weeks!later,!we!removed!three!frames!holding!combs!of!workerhsized!brood!
cells!from!the!host!colony!and!collected!all!emerging!bees.!This!sample!
comprised!16!females!and!32!drones.!In!addition,!putative!(based!on!their!black!
rather!than!yellow!cuticular!colour)!adult!Clone!females!(n!=!30)!and!adult!
Clone!males!(n!=!18)!were!collected!from!the!comb.!We!confirmed!these!bees!as!
either!being!or!not!being!of!the!Clone!lineage!based!on!their!genotype!at!four!
preliminary!microsatellite!loci:!A079,!Av015,!At024!and!Ap043!(Baudry!et!al.!
2004,!Solignac!et!al.!2004).!Individuals!that!did!not!carry!Clone!alleles!at!one!or!
more!loci!were!presumed!to!be!the!offspring!of!Scutellata!hosts,!and!were!
excluded!from!further!analysis.!!
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A!subset!of!individuals!identified!as!being!of!the!Clone!lineage!based!on!
their!genotype!at!the!four!preliminary!microsatellite!loci!above,!were!
genotyped!at!an!additional!19!microsatellite!loci!that!are!known!to!be!
heterozygous!in!the!Clone!population!(Table!1),!resulting!in!a!total!of!23!loci!
genotyped!in!these!individuals.!This!subset!composed!28!newlyhemerged!
drones,!15!adult!drones!and!3!adult!Clone!workers.!These!additional!markers!
were!all!unlinked!and!located!across!12!different!chromosomes.!Eight!markers!
were!located!in!the!centromeric!region!of!their!chromosome,!increasing!the!
likelihood!that!they!would!not!undergo!recombination!with!respect!to!the!
centromere!and!maintain!heterozygosity!during!automictic!thelytoky!with!
central!fusion!(Goudie!et!al.!2013).!These!centromeric!loci!were!therefore!
particularly!likely!to!detect!heterozygosity!in!a!diploid!individual!(Goudie!et!al.!
2013).!Furthermore,!twelve!of!the!markers!were!located!in!the!telomeric!regions!
of!their!chromosomes,!increasing!the!likelihood!that!they!would!have!
undergone!recombination.!These!loci!are!expected!to!retain!heterozygosity!
under!a!plausible!but!highly!unlikely!mechanism!of!diploid!male!production:!
automictic!thelytoky!with!terminal!fusion!of!pronuclei.!Thus!our!genotyping!
would!reveal!diploid!males!under!any!plausible!mechanism!of!nuclear!fusion.!
Individuals!with!only!one!allele!at!all!loci!were!classified!as!being!
haploid!males.!Individuals!that!were!morphological!males!but!carried!more!
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than!one!allele!at!any!locus!were!classified!as!a!diploid!male!(a!diploid!
individual!homozygous!at!the!csd).!Individuals!that!were!heterozygous!at!any!
locus!and!were!morphologically!female!were!classified!as!female.!!
Clone!drones!from!naturally_infested!Scutellata!colonies!
In!February!2013!we!collected!78!putative!adult!sons!of!the!Clone!from!four!
naturally!Clonehinfested!Scutellata!colonies!in!Douglas!(29°03”S!23°46”E).!We!
genotyped!these!individuals!at!eight!microsatellite!loci.!The!microsatellite!loci!
A113,%A14,%A29,%B124!and!Sex3!are!on!different!linkage!groups,!whereas!Thel2,!
Thel3!and!Thel4!are!closely!linked!on!chromosome!13!(Table!2).!!
We!determined!whether!drones!from!Clonehinfested!colonies!belonged!
to!the!Clone!lineage!based!on!alleles!at!microsatellite!loci!Thel2,%Thel3,%Thel4,%
Sex3%and!csd%(Table!2),!which!have!been!previously!identified!as!a!genetic!
signature!of!the!Clone!(Oldroyd!et!al.!2011).!Individuals!that!did!not!carry!a!
Clone!allele!at!any!locus!were!presumed!to!be!the!drone!offspring!of!Scutellata!
hosts.!We!utilised!a!sample!of!186!Scutellata!workers!collected!from!63!colonies!
or!flowers!across!northern!South!Africa!to!determine!the!frequency!of!the!Clone!
alleles!in!the!Scutellata!host!population.!These!frequencies!were!used!to!assess!
the!probability!that!a!random!Scutellata!male!could!carry!a!Clone!allele!at!all!
loci,!treating!haplotypes!across!tightly!linked!loci!as!single!loci.!
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Table!2! (Next!page)!The!genotype!of!the!Clone!lineage!at!8!microsatellite!
markers!and!exon!7!of!the!csd.%Heterozygosity!has!been!maintained!across!the!Clone!
population!at!these!markers!(Oldroyd!et!al.!2011,!Goudie!et!al.!2012).!The!table!
provides!the!genotype!of!a!single!adult!drone!from!a!naturally!Clonehinfested!
Scutellata!colony!(2012!sample).!This!drone!carried!a!Clone!allele!at!each!locus.!We!
report!the!frequency!of!each!allele!carried!by!this!drone!(q)!in!the!Scutellata!population,!
as!well!as!the!number!of!alleles!(k)!observed!in!the!Scutellata!population.!We!further!
report!the!frequency!of!the!second!Clone!allele,!which!was!not!carried!by!the!drone!
(allele!2)!in!the!Scutellata!population.!The!markers!Thel2,!Thel3,!Thel4,!Sex3!and!csd!
exon!7!have!been!previously!characterised!in!the!Clone!(Lattorff!et!al.!2007,!Oldroyd!et!
al.!2011),!these!markers!form!two!tight!linkage!groups.!!
ARRHENOTOKY!IN!A.%M.%CAPENSIS%!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 231!
!
!
!
!
k%
(S
cu
t!p
op
)!
16
!
29
!
23
!
23
!
19
!
15
!
16
!
10
!
32
!
A
ll
el
e!
2!
fr
eq
!
(S
cu
t!p
op
)!
41
/4
18
!
(0
.1
0)
!
94
/3
98
!
(0
.2
4)
!
20
/3
94
!
(0
.0
5)
!
25
/4
17
!
(0
.0
6)
!
0/
36
4!
(0
.0
0)
!
68
/3
49
!
(0
.1
9)
!
3/
36
6!
(0
.0
1)
!
4/
36
6!
(0
.0
1)
!
9/
34
0!
(0
.0
3)
!
A
ll
el
e!
1!
fr
eq
!
(S
cu
t!p
op
)!
30
/4
18
!
(0
.0
7)
!
15
/3
98
!
(0
.0
4)
!
48
/3
94
!
(0
.1
2)
!
76
/4
17
!
(0
.1
8)
!
74
/3
64
!
(0
.2
0)
!
61
/3
49
!
(0
.1
7)
!
75
/3
66
!
(0
.2
0)
!
12
0/
36
6!
(0
.3
3)
!
9/
34
0!
(0
.0
3)
!
C
lo
ne
!D
ro
ne
!
!(a
ll
el
e!
1)
!
22
6!
25
0!
13
4!
21
9!
24
2!
18
6!
23
3!
19
2!
27
5!
C
lo
ne
!
21
1/
22
6!
22
1/
25
0!
12
9/
13
4!
21
9/
23
2!
24
2/
25
8!
18
4/
18
6!
22
4/
23
3!
15
7/
19
2!
22
4/
27
5!
Lo
cu
s%
A
11
3!
A
14
!
A
29
!
B1
24
!
Th
el
2!
Th
el
3!
Th
el
4!
Se
x3
!
C
SD
!
CHAPTER!6!
! F.!GOUDIE!232
Clone_laid!arrhenotokous!eggs!in!Scutellata!colonies!
December!2012,!in!Stellenbosch!(33°55’12”S!18°51’36”E),!we!established!nine!
minihnuclei!colonies!comprising!two!frames!of!Scutellata!brood,!one!frame!of!
food,!and!adult!workers!but!no!queen.!To!reduce!the!probability!of!
reproductive!parasitism!by!workers!from!the!local!Capensis!population!we!
placed!the!nuclei!in!one!of!two!screen!cages!(10!m!x!10!m).!We!then!introduced!
a!single!day!old!Clone!worker!that!was!individually!marked!into!each!nucleus.!
The!Clones!were!sourced!from!north!of!Pretoria!(25°40’23”S!28°10’24”E).!We!
maintained!the!nuclei!for!10!weeks!by!the!weekly!addition!of!emerging!
Scutellata!brood!and!by!feeding!pollen!and!honey!ad%libitum.!We!collected!eggs!
from!drone!combs!throughout!the!experiment.!Because!the!presence!of!laying!
Clones!workers!in!a!Scutellata!colony!prevents!ovary!activation!in!the!host!
Scutellata!workers!(Dietemann!et!al.!2007),!we!expected!Scutellata!workers!to!
lay!few!or!no!eggs.!
To!determine!sex!genetically!we!first!examined!the!genotypes!of!eggs!at!
csd!exon!7.!Exon!7!is!an!expressed!region!of!the!csd!(Hasselmann!and!Beye!
2004).!An!individual!heterozygous!in!this!region!was!classified!as!female.!When!
only!a!single!allele!was!detected!at!exon!7,!the!individual!was!either!a!diploid!
male!(homozygous!at!the!csd)!or!a!haploid!male!(hemizygous!at!the!csd).!While!
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it!is!possible!that!individuals!homozygous!at!exon!7!may!retain!functional!
heterozygosity!in!other!regions!of!the!csd,!and!thus!be!a!cryptic!female,!the!
necessary!recombination!event!is!unlikely.!Based!on!Genemapper!allele!calling,!
Clone!females!have!the!genotype!224/275!at!exon!7!(Oldroyd!et!al.!2011).!
Therefore!any!Clone!individual!that!is!homozygous!for!one!of!these!alleles!can!
be!confidently!assigned!as!a!genetic!male.!Individuals!that!were!homozygous!at!
the!csd!but!were!heterozygous!at!at!least!one!other!locus!were!classified!as!
being!diploid!males.!Individuals!with!only!one!allele!at!all!loci!were!classified!
as!being!haploid!males.!
We!compared!the!proportion!of!haploid!male!eggs!produced!by!Clones!
in!drone!cells!to!the!proportion!previously!measured!in!worker!cells!(Goudie!et!
al.!2013)!using!Fisher’s!exact!tests.!We!further!compared!the!proportion!of!
haploid!male!eggs!produced!by!Clones!to!the!proportion!produced!by!Capensis!
workers!from!the!sexual!population,!again!with!Fisher’s!exact!tests.!!
Frequency!of!arrhenotokous!eggs!from!Capensis!workers!of!the!sexual!
population!
In!January!2013,!we!established!eight!minihnucleus!colonies!comprising!three!
frames!of!Scutellata!brood!and!adult!bees!and!no!queen.!It!is!often!difficult!to!
artificially!establish!a!Capensis!layinghworker!in!a!Scutellata!host!colony.!We!
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therefore!introduced!three!to!four!painthmarked!Capensis!workers!that!were!
less!than!24!hours!old!to!allow!for!losses.!After!one!or!more!Capensis!workers!
were!successfully!established!(i.e.!were!seen!to!be!present!with!retinue!
formation),!we!removed!surplus!Capensis!workers!until!each!colony!had!only!
one!remaining!Capensis.!The!introduced!Capensis!workers!had!been!obtained!
from!any!of!three!Capensis!colonies!in!the!Stellenbosch!area,!the!workers!of!
which!were!known!to!produce!thelytokous!eggs.!On!the!11th!day!after!the!
Capensis!worker!had!been!introduced!we!removed!and!discarded!all!eggs.!We!
then!collected!all!eggs!laid!in!drone!combs,!assuming!these!were!predominantly!
laid!by!Capensis!workers.!These!eggs!were!produced!approximately!four!weeks!
after!the!colonies!were!initially!set!up.!We!lost!three!of!the!eight!colonies!to!
absconding.!In!one!colony!we!were!unable!to!locate!and!remove!the!
penultimate!Capensis!worker,!so!this!colony!had!two!Capensis!workers!that!
were!actively!laying.!Eggs!from!this!colony!were!termed!a!‘mixed’!sample.!
Eggs!produced!by!Capensis!workers!were!genetically!assigned!to!their!
workerhmothers!via!parsimony!(these!mothers!were!designated!S1,!S2,!S3,!S4).!
(We!were!unable!to!genotype!the!actual!worker!mothers!because!nearly!all!had!
absconded!by!the!end!of!the!experiment.)!Eggs!that!carried!alleles!that!were!not!
present!in!their!colony’s!workerhmother!were!assumed!to!be!either!the!
offspring!of!Scutellata!hosts!or!Capensis!parasites.!These!eggs!were!removed!
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from!further!analysis.!For!the!colony!that!contained!two!workerhmothers,!we!
determined!the!two!maternal!genotypes!(M1!and!M2)!to!be!those!that!were!
derived!via!parsimony!from!the!majority!of!offspring.!The!two!sister!mothers!
differed!by!only!one!allele!at!one!locus!(B124).!When!eggs!could!not!be!assigned!
to!one!of!these!two!mothers!(when!locus!B124!failed!to!amplify,!or!the!offspring!
only!carried!one!allele),!but!carried!one!or!both!of!the!two!mother’s!alleles!at!all!
loci,!we!retained!the!egg!for!analysis,!assigning!them!to!the!generic!category,!
M0.!!
Results!
Clone!drones!from!artificially_infested!Scutellata!colonies!
We!collected!96!bees!from!the!artificially!Clonehinfested!colony.!Fortyheight!
bees!were!collected!after!emerging!from!worker!comb.!Of!these,!32!were!
genetically!confirmed!to!be!males!of!the!Clone!lineage,!three!of!which!were!
diploid!(Supplementary!Table!S1).!The!remaining!16!individuals!were!Clone!
females.!Thus,!60.4%!of!bees!emerging!from!worker!comb!were!haploid!males.!
An!additional!18!adult!drones!and!30!adult!females!were!collected!from!the!
colony.!Sixteen!drones!were!of!the!Clone!lineage,!one!of!which!was!apparently!
diploid;!two!drones!did!not!carry!Clone!alleles!at!at!least!one!marker,!and!so!
were!considered!most!likely!to!be!the!offspring!of!Scutellata!workers.!Twentyh
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nine!females!were!identified!as!Clones,!while!one!did!not!carry!Clones!alleles!
and!was!presumably!a!Scutellata!host!worker.!!
Fortyhthree!drones!were!analysed!at!an!additional!19!markers,!including!
all!diploid!drones!(n!=!4),!25!newlyhemerged!haploid!Clone!drones!and!14!adult!
Clone!drones.!Haploid!drones!carried!a!single!allele!at!every!marker,!providing!
further!evidence!that!these!drones!were!in!fact!haploid!and!not!diploid!drones!
with!high!levels!of!homozygosity.!This!assessment!is!greatly!strengthened!by!
the!inclusion!of!the!eight!markers!from!centromeric!regions!of!the!
chromosomes,!which!are!highly!likely!to!have!retained!heterozygosity!under!
thelytoky!with!central!fusion!(Goudie!and!Oldroyd!2014).!
Clone!drones!from!naturally_infested!Scutellata!colonies!
We!collected!393!adult!bees!from!Clonehinfested!colonies.!Of!these,!315!were!
morphologically!identified!as!female!and!78!as!males.!A!single!male!was!
identified!as!Clonehlaid,!while!77!males!did!not!carry!Clone!alleles!and!were!
produced!by!the!Scutellata!host!colony.!The!single!Clone!male!was!an!adult!
drone,!which!carried!a!single!Clone!allele!at!each!locus!(Table!2)!indicating!that!
this!male!was!haploid!and!not!diploid.!The!genotype!of!this!drone!was!
confirmed!by!a!second!DNA!extraction!and!amplification.!The!probability!that!
a!random!Scutellata!male!would!carry!a!Clone!allele!at!all!i%loci!studied!is!given!
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by! !!!!!!!! ,!where!pi1!is!the!frequency!of!Clone!allele!1!in!the!Scutellata!
population!and!pi2!is!the!frequency!of!Clone!allele!2!in!the!Scutellata!population.!
Thus,!the!probability!that!this!male!was!not!the!son!of!a!Clone!is!vanishingly!
small!(Table!2).!Where!we!did!not!detect!a!Clone!allele!in!our!sample!of!the!
Scutellata!population!we!applied!the!ceiling!principle!by!setting!the!minimum!
frequency!for!any!allele!as!being!0.05.!
The!probability!that!a!random!individual!from!the!Scutellata!population!
would!produce!an!egg!that!had!the!genotype!observed!in!the!Clone!drone!
identified!is!7.31×10h8.!Thus,!the!chance!of!finding!a!Scutellata!male!of!this!
genotype!in!our!sample!of!78!drones!is!5.70×10h6.!We!expanded!this!analysis!to!
calculate!the!probability!that!a!Scutellata!drone!could!have!a!genotype!that!
appeared!to!be!Clonehderived.!(Because!males!are!haploid,!when!a!putative!
Clone!mother!is!heterozygous!at!a!locus,!her!male!offspring!can!carry!either!of!
her!alleles.)!The!probability!of!observing!such!a!male!in!our!sample!of!78!males!
is!only!1.85×10h4.!
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Clone_laid!arrhenotokous!eggs!in!artificially_infested!Scutellata!
colonies!
We!sampled!104!putative!Clone!eggs!from!drone!cells,!of!which!59!successfully!
amplified.!Thirteen!putative!Clone!eggs!did!not!carry!a!Clone!allele!at!all!loci!
and!were!removed!from!further!analysis.!!
We!identified!13!haploid!male!eggs!in!our!sample!of!46!Clonehderived!
eggs!from!drone!cells.!In!addition,!we!combined!our!data!with!those!previously!
collected!under!comparable!conditions!(Goudie!et!al.!2012),!providing!another!
302!Clone!eggs!from!worker!cells,!35!of!which!were!haploid!males.!There!was!
no!significant!difference!in!the!proportion!of!haploid!males!produced!by!Clones!
in!drone!and!worker!cells!(Fisher’s!exact!test!P!=!0.122).!Therefore,!these!
samples!were!combined!for!further!analysis.!
Eggs!from!Capensis!workers!of!the!sexual!population!
We!sampled!478!putative!Capensis!workerhlaid!eggs!from!drone!cells,!of!which!
321!successfully!amplified.!Fourteen!putative!Capensis!workerhlaid!eggs!could!
not!be!assigned!to!a!Capensis!mother!and!were!presumably!laid!by!Scutellata!
host!workers.!These!eggs!were!removed!from!further!analysis.!!
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We!detected!two!haploid!eggs!out!of!307!workerhlaid!eggs.!Both!haploid!
eggs!were!from!the!twohmother!colony.!Of!the!42!eggs!assigned!to!Mother!1!of!
the!twohmother!colony!(nM1!=!42),!we!identified!one!haploid!egg.!We!could!not!
determine!the!specific!lineage!of!the!second!haploid!egg,!as!it!did!not!carry!
either!of!the!alleles!that!could!be!used!to!distinguish!between!the!two!mothers.!
However,!this!egg!carried!a!single!maternal!allele!at!every!locus!and!so!was!
confidently!identified!as!being!the!offspring!on!one!of!the!two!mothers!
contributing!to!the!mixed!sample!(nM1,M2,M0!=!75).!
No!haploid!male!eggs!were!found!in!the!brood!of!the!other!four!
Capensis!mothers!(nS1!=!46,!nS2!=!9,!nS3!=!24!and!nS4!=!153).!There!was!no!
significant!difference!in!the!proportion!of!haploid!eggs!produced!by!the!six!
different!mothers!(Fisher’s!exact!test!P%=!0.337),!though!note!that!the!very!low!
number!of!haploid!males!identified!heavily!influences!this!statistic.!Thus,!
except!to!say!that!it!is!uncommon,!we!cannot!reach!any!definitive!conclusions!
regarding!the!frequency!or!variance!of!haploid!male!production!by!Capensis!
workers!from!the!sexual!population.!
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Comparative!frequency!of!haploid!egg!production!
Haploid!eggs!accounted!for!approximately!13%!of!the!combined!Clone!samples!
(46!out!of!348!pooled).!In!contrast!only!0.65%!(2!of!307)!Capensis!workerhlaid!
eggs!were!haploid.!Thus!the!production!of!haploid!eggs!by!Clones!is!
significantly!higher!than!the!production!of!haploid!eggs!by!the!Capensis!
workers!we!sampled!from!the!sexual!population!(Fishers!exact!test!P!<!0.001).!
Discussion!
Haploid,!malehdestined!eggs!are!regularly!produced!by!Clone!workers,!and!
account!for!approximately!13%!of!eggs!(this!study!and!Goudie!et!al.!(2012)).!In!
contrast,!haploid!malehdestined!eggs!account!for!approximately!0.65%!of!eggs!
produced!by!workers!from!the!sexual!Capensis!population!(this!study!and!
Beekman!et!al.!(2009)).!This!suggests!that!regular!production!of!haploid!males,!
presumably!via!arrhenotokous!parthenogenesis,!distinguishes!the!Clone!from!
its!ancestral!sexual!population,!where,!if!queenright!workers!lay!eggs,!they!
produce!female!eggs!almost!invariably!(Beekman!et!al.!2009).!!
In!Clonehinfested!colonies,!large!numbers!of!haploid!males!can!emerge!
from!worker!cells!and!can!be!reared!to!adulthood.!In!a!single!artificiallyh
infested!colony!(2002!samples),!haploid!drones!accounted!for!approximately!
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60%!of!emerging!bees.!In!contrast,!a!single!haploid!drone!was!identified!from!
78!haploid!males!collected!from!naturallyhinfested!Scutellata!colonies.!Thus!we!
can!conclude!that!the!frequency!of!drone!production!is!variable!among!Cloneh
infested!colonies!and!may!be!low!in!natural!settings.!!
In!artificiallyhinfested!Scutellata!colonies,!we!detected!a!higher!frequency!
of!emerging!Clone!drones!(approximately!60%!in!2002)!compared!to!droneh
destined!eggs!(approximately!13%!in!2012).!These!experiments!were!conducted!
separately,!with!different!experimental!protocols,!and!so!are!not!directly!
comparable.!Nonetheless!the!difference!is!substantial,!and!suggests!that!Clones!
produced!a!higher!proportion!of!drones!in!our!2002!sample!than!in!2012.!The!
difference!could!be!due!to!any!or!all!of!several!factors.!Our!first!experiment!was!
conducted!in!a!fullhsized%nucleus,!containing!approximately!5000!Scutellata!
workers,!while!our!2012!experiment!was!conducted!in!minihnuclei!containing!
approximately!500!workers.!Thus!the!environmental!influences!on!the!
behaviour!of!both!Clones!and!hosts!may!have!varied!between!the!experiments.!
Multiple!Clones!were!present!in!2002,!while!we!established!(when!possible)!a!
single!laying!Clone!in!each!of!the!nine!minihnuclei!of!the!2012!experiment.!
While!it!is!possible!that!multiple!Clones!contributed!to!the!brood!sampled!in!
2002,!Clones!establish!dominance!hierarchies!in!Scutellata!colonies,!such!that!
one!or!a!few!individuals!dominate!reproduction!(Martin!et!al.!2002).!Therefore,!
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the!high!frequency!of!drone!production!in!2002!could!have!been!due!to!
individual!variance!(variance!that!was!not!detected!between!the!Clones!
sampled!in!2012),!the!presence!of!multiple!Clones!actively!laying!in!the!colony!
or!better!nourishment!and!overall!brood!output!in!the!larger!nuclei!used!in!
2002.!A!further!consideration!is!the!age!of!the!Clone!lineage.!Loss!of!
heterozygosity!or!mutation!may!have!changed!the!frequency!of!drone!
production!between!2002!and!2012.!Finally,!the!age!of!the!individual!Clones!(up!
to!14!weeks!in!2002,!and!less!than!12!weeks!in!2012)!could!conceivably!affect!the!
frequency!of!arrhenotoky.!Regardless,!it!is!clear!that!the!frequency!of!drone!
production!by!Clones!is!highly!variable,!and!the!phenomenon!warrants!further!
consideration.!!
We!have!classified!individuals!that!carried!a!single!allele!at!each!locus!as!
being!hemizygous,!and!therefore!as!being!haploid!males.!However!it!is!
remotely!possible!that!some!or!all!of!these!individuals!were!actually!diploid!
males,!which!were!homozygous!as!a!result!of!recombination.!However!the!
likelihood!of!loss!of!heterozygosity!at!all!loci!is!vanishingly!small.!Under!
thelytoky!with!central!fusion,!a!locus!that!is!heterozygous!in!the!mother!will!
also!be!heterozygous!in!her!daughters!unless!the!locus!undergoes!
recombination!with!respect!to!the!centromere.!Even!those!loci!that!do!undergo!
recombination,!heterozygosity!will!be!retained!at!least!2/3!of!the!time!(Goudie!
ARRHENOTOKY!IN!A.%M.%CAPENSIS%!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 243!
et!al.!2013).!In!our!2002!survey!we!included!eight!highly!centromeric!loci!that!
are!heterozygous!in!typical!Clone!females.!Because!of!the!tight!linkage,!it!is!
highly!unlikely!that!heterozygosity!would!be!lost!at!any!locus.!
Another!potential!interpretation!is!that!the!putative!haploid!drones!were!
diploid!but!had!been!produced!by!an!alternative!form!of!thelytoky!h!automixis!
with!terminal!fusion.!Under!thelytoky!with!terminal!fusion!of!pronuclei,!the!
most!common!outcome!is!complete!loss!of!heterozygosity.!However,!under!
terminal!fusion,!heterozygosity!is!often!maintained!at!loci!that!undergo!
recombination!with!respect!to!their!centromere!(Pearcy!et!al.!2006).!As!we!
observed!no!evidence!of!heterozygosity!at!the!twelve!telomeric!and!the!three!
loci!that!were!neither!telomeric!nor!centromeric,!we!can!confidently!conclude!
that!these!were!haploid!males,!not!diploid!males!produced!by!terminal!fusion!
in!the!unlikely!event!that!terminal!fusion!had!occurred.!We!are!therefore!
confident!in!our!assessment!that!the!93!males!produced!by!Clones!(and!two!by!
Capensis!workers!from!the!sexual!population)!were!indeed!hemizygous!and!
did!not!arise!as!a!result!from!thelytokous!reproduction!with!either!central!or!
terminal!fusion.!
Arrhenotoky!in!an!otherwise!thelytokous!population!may!result!from!
errors!in!the!formation!of!the!thelytokous!embryo.!For!example,!if!the!meiotic!
pronuclei!fail!to!fuse!and!restore!diploidy,!a!haploid!embryo!will!result.!As!
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arrhenotoky!is!a!regular!feature!of!honey!bee!reproduction,!it!is!easy!to!envision!
a!scenario!in!which!failure!of!prohnuclei!fusion!diverts!an!egg!to!malehdestined!
haploid!development!(Normark!2003).!The!fact!that!normally!arrhenotokous!
subspecies!of!honey!bee!reproduce!thelytokously!at!low!frequency!
(approximately!1%)!(Mackensen!1943)!supports!this!hypothesis,!as!does!the!
identification!of!thelytokous!reproduction!in!the!otherwise!arrhenotokous!
honey!bee!species!A.%cerana%(Holmes!et!al.!2015).%Further,!in!honey!bees!
(Remnant!et!al.!2014)!and!some!parasitoid!wasps!(Vavre!et!al.!2004)!thelytoky!
can!be!induced!when!females!of!normally!arrhenotokous!species!are!
inseminated!with!sperm!from!another!species.!Thus!the!two!forms!of!asexual!
reproduction!observed!in!haplodiploids,!thelytoky!and!arrhenotoky,!are!closely!
related,!and!errors!in!one!can!result!in!a!switch!to!the!other!(Engelstädter!2008,!
Rabeling!and!Kronauer!2013,!Goudie!and!Oldroyd!2014).!
What!is!the!origin!of!the!striking!difference!in!the!frequency!of!
arrhenotoky!in!the!Clone!and!sexual!Capensis!populations?!We!consider!three!
hypotheses!as!being!plausible.!First,!it!is!possible!the!Clone!was!derived!from!a!
Capensis!worker!that!happened!to!have!a!predisposition!towards!frequent!
arrhenotoky.!While!arrhenotoky!was!rare!in!the!Capensis!workers!studied!here!
and!by!Beekman!et!al.!(2012),!we!cannot!exclude!the!possibility!that!there!is!
variability!in!the!expression!of!arrhenotoky!and!thelytoky!in!the!Capensis!
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population!at!large.!Thus,!the!Clone’s!ancestor!may!not!have!been!exclusively!
thelytokous,!and!the!high!rates!of!arrhenotoky!now!observed!in!the!Clone!arose!
via!a!founder!effect.!!
Second,!high!rates!of!arrhenotokous!reproduction!may!have!emerged!
after!the!Clone!was!founded.!Genetic!drift!in!an!entirely!clonal!lineage!
reproducing!by!thelytokous!parthenogenesis!is!limited!to!the!fixation!of!alleles!
that!were!heterozygous!in!the!Clone’s!ancestor!(excluding!mutation,!which!is!
unlikely!to!be!a!significant!factor!given!the!short!evolutionary!history!of!the!
Clone).!However,!it!remains!possible!that!loss!of!heterozygosity!at!genes!
involved!in!reproduction!may!have!increased!the!frequency!at!which!
arrhenotoky!occurs!via!errors!in!development.!Any!locus!distal!to!the!
centromere!has!a!1/3!chance!of!losing!heterozygosity!during!a!thelytokous!
meiosis,!whenever!recombination!occurs!(Pearcy!et!al.!2006,!Oldroyd!et!al.!2008,!
Engelstädter!et!al.!2010).!With!ongoing!generations!of!thelytoky,!heterozygosity!
is!predicted!to!be!lost!at!all!loci!that!are!not!under!selection!to!maintain!
heterozygosity!(Goudie!and!Oldroyd!2014).!Thus!we!would!predict!loss!of!
heterozygosity!at!genes!related!to!reproductive!mode!so!long!as!the!associated!
reduction!in!fitness!is!not!greater!than!the!per!generation!transition!from!
heterozygosity!to!homozygosity!(Goudie!et!al.!2012).!!
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Finally,!it!is!possible!that!the!ability!to!reproduce!both!thelytokously!and!
arrhenotokously!represents!a!‘queenlike’!characteristic!of!the!Clone!that!is!
absent!from!workers!of!the!sexual!population.!Virgin!Capensis!queens!from!the!
sexual!population,!when!induced!to!start!laying!via!doublehnarcosis!with!CO2,!
reproduce!both!arrhenotokously!and!thelytokously!(Crewe!and!Allsopp!1994,!
Oldroyd!et!al.!2008).!Clone!larvae!pheromonally!manipulate!Scutellata!host!
workers,!resulting!in!higher!levels!of!feeding!with!food!that!is!similar!in!
composition!to!royal!jelly!(Calis!et!al.!2002).!As!a!result,!Clones!develop!more!
queenhlike!characteristics!(Wirtz!and!Beetsma!1972,!Calis!et!al.!2002).!If!one!of!
these!characteristics!is!indeed!the!ability!to!reproduce!arrhenotokously!and!
thelytokously,!arrhenotoky!in!the!Clone!may!represent!a!form!of!phenotypic!
plasticity.!!
Is!it!possible!that!arrhenotokous!reproduction!was!a!feature!that!helped!
the!Clone!establish?!The!production!of!males!cannot!have!any!direct!selective!
impact!on!an!entirely!female!lineage!such!as!the!Clone,!and!so!frequent!
arrhenotoky!did!not!arise!as!a!result!of!direct!selection.!However,!is!it!possible!
that!arrhenotokous!reproduction!might!provide!indirect!benefits!to!the!Clone?!
A!general!principle!in!epidemiology!is!the!tradeoff!between!virulence!and!
transmission!(Levin!1996).!The!Clone!is!characterised!by!high!virulence!and!low!
transmission!(Moritz!et!al.!2008).!The!transmission!of!Clones!from!one!colony!to!
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another!is!largely!dependent!on!apicultural!practices!(Moritz!2002,!Neumann!
and!Hepburn!2002,!Dietemann!et!al.!2006).!However,!while!Clones!have!
difficulty!invading!a!Scutellata!colony!without!assistance,!once!they!are!
established!within!a!colony!the!invasion!progresses!assuredly!and!the!colony’s!
downfall!is!all!but!inevitable.!It!is!this!high!level!of!virulence!that!is!
hypothesised!to!result!in!the!low!rate!of!Clone!transmission!(Moritz!et!al.!2008).!
The!collapse!of!a!host!colony!results!in!the!death!of!the!vast!majority!of!
the!Clones!it!supports.!Only!a!small!proportion!of!Clones!are!successfully!
transmitted!to!a!new!host!colony!during!the!short!period!before!their!current!
host!colony!collapses.!The!more!rapidly!colony!collapse!progresses,!the!smaller!
the!window!of!opportunity!for!Clone!transmission.!In!social!parasites,!virulence!
is!positively!associated!with!rates!of!population!increase!of!the!parasite.!
Therefore!the!production!of!males!decreases!the!rate!at!which!a!Clone!
population!can!increase!within!a!host!colony,!because!the!offspring!males!
cannot!themselves!reproduce!directly.!Thus,!while!it!may!at!first!appear!
counterintuitive,!frequent!arrhenotoky!may!have!decreased!the!virulence!and!
increased!the!transmissibility!of!the!incipient!Clone,!providing!it!with!a!
competitive!advantage!over!competing!lineages!at!the!time!of!its!establishment.!
High!rates!of!arrhenotokous!reproduction!may!have!differentiated!the!Clone!
ancestor!from!its!contemporaries,!providing!a!potential!explanation!as!to!why!
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this!single!worker,!of!the!millions!transported!into!the!Scutellata!range!(Allsopp!
and!Crewe!1993,!Neumann!and!Moritz!2002),!emerged!as!the!only!enduring!
clonal!lineage.!Alternately,!it!is!possible!that!higher!rates!of!arrhenotoky!
evolved!in!the!Clone!after!its!emergence!via!the!selective!loss!of!heterozygosity!
at!loci!related!to!reproductive!mode.!If!an!increase!in!the!frequency!of!
arrhenotoky!provided!indirect!fitness!benefits!by!reducing!the!virulence!of!the!
Clone!and!increasing!its!transmissibility!(above),!selection!is!predicted!to!
rapidly!work!on!the!limited!genetic!variation!available!in!the!lineage,!driving!
arrhenotokyhenhancing!alleles!to!fixation!(Goudie!et!al.!2012).!
We!have!shown!that!the!Clone!can!produce!adult!males,!thus!raising!the!
possibility!that!a!Clonehdrone!may!mate!with!Scutellata!queens!providing!a!
route!for!introgression!of!Clone!alleles!into!the!host!population.!The!outcome!of!
such!matings!is!difficult!to!predict.!It!is!unlikely!that!introgression!of!Clone!
alleles!into!the!Scutellata!population!would!raise!the!frequency!of!thelytoky!in!
the!host!population!(Goudie!and!Oldroyd!2014).!First,!Lattorff!et!al.!(2007)!and!
Jarosch!et!al.!(2011)!have!argued!that!the!locus!that!is!highly!influential!in!
determining!the!thelytoky/arrhenotoky!switch!must!be!homozygous!for!the!
expression!of!thelytoky.!Second,!for!thelytoky!to!be!expressed!it!must!be!
accompanied!by!several!behavioural!mutations!that!release!workers!from!
sterility!and!cause!them!to!lay!in!queen!cells.!Finally,!worker!policing!must!be!
ARRHENOTOKY!IN!A.%M.%CAPENSIS%!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 249!
reduced!across!the!colony!for!thelytoky!to!provide!any!selective!advantage,!and!
this!is!not!predicted!to!occur!in!a!population!in!which!thelytoky!is!not!already!
established!(Greeff!and!Villet!1993,!Moritz!et!al.!1999).!Thus!worker!policing!
should!impede!the!speed!of!thelytokyhinducing!alleles!through!the!
arrhenotokous!Scutellata!population!(Goudie!and!Oldroyd!2014).!Lattorff!et!al.!
(2007)!argued!that!the!thelytoky%locus!controls!worker!fertility!and!worker!
pheromone!production!pleiotropically,!but!even!so!it!seems!unlikely!that!a!
single!locus!(of!even!a!small!number!of!loci)!could!release!the!entire!suite!of!
characters!required!for!successful!social!parasitism.!
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Supplementary!Table!S1! The!genotype!of!Clone!males!and!females!from!an!
artificiallyhinfested!Scutellata!colony!at!23!microsatellite!markers.!All!individuals!are!
genotyped!at!four!markers!(S1!a).!A!subset!of!putative!Clone!males!and!three!Clone!
females!are!genotyped!at!an!additional!19!markers!(S1!b).!These!can!be!identified!in!
table!S1!a!as!the!individuals!in!bold.!The!numbers!1!and!2!refer!to!the!two!alleles!
identified!in!Clones!at!these!markers!and!carried!in!their!drones.!
!
Markers!
Samples! A079! Ap043! At024! Av015!
Control!Clone!from!
Pretoria!
1!
128,128! 100,116! 110,114! 104,104!
Emerging!Clone!
females!
1! 128,128! 100,116! 110,114! 104,110!
2! 128,128! 100,116! 114,114! 104,110!
3! 128,128! 100,116! 110,114! 104,104!
! 4! 128,128! 100,116! 110,114! 104,110!
! 5! 128,128! 100,116! 110,114! 104,110!
! 6! 128,128! 100,116! 110,114! 104,110!
! 7! 128,128! 100,116! 110,114! 104,110!
! 8! 128,128! 100,116! 110,114! 104,110!
! 9! 128,128! 116,116! 110,114! 104,110!
! 10! 128,128! 100,116! 110,114! 104,110!
! 11! 128,128! 100,116! 114,114! 104,110!
! 12! 128,128! 100,116! 110,114! 104,110!
! 13! 128,128! 100,116! 110,110! 104,110!
! 14! 128,128! 100,116! 110,114! 104,110!
! 15! 128,128! 100,116! 110,114! 104,110!
!! 16! 128,128! 100,116! 110,114! 104,110!
Emerging!haploid!
Clone!males!
1! 128! 100! 110! 104!
2! 128! 116! 110! 110!
3! 128! 100! 110! 104!
4! 128! 100! 110! 104!
! 5! 128! 116! 114! 110!
! 6! 128! 100! 114! 104!
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! ! Markers!
Samples! A079! Ap043! At024! Av015!
Emerging!haploid!
Clone!males!
7! 128! 116! 110! 104!
8! 128! 116! 114! 110!
9! 128! 116! 114! 110!
! 10! 128! 100! 114! 110!
! 11! 128! 116! 114! 110!
! 12! 128! 116! 110! 110!
! 13! 128! 116! 110! 104!
! 14! 128! 116! 114! 104!
! 15! 128! 116! 110! 110!
! 16! 128! 100! 114! 104!
! 17! 128! 100! 110! 104!
! 18! 128! 116! 114! 104!
! 19! 128! 116! 110! 104!
! 20! 128! 100! 110! 110!
21! 128! 116! 114! 104!
22! 128! 116! 114! 104!
! 23! 128! 116! 110! 104!
! 24! 128! 116! 110! 110!
! 25! 128! 116! 110! 104!
! 26! 128! 116! 114! 110!
! 27! 128! 116! 110! 110!
28! 128! 116! 110! 104!
29! 128! 100! 110! 104!
Emerging!diploid!
Clone!male!
1! 128! 100,116! 110,114! 110!
2! 128! 100! 110,114! 104,110!
3! 128! 100,116! 110! 104!
Adult!haploid!
Clone!drones!
1! 128! 100! 114! 104!
2! 128! 100! 110! 104!
3! 128! 100! 114! 110!
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! ! Markers!
Samples! A079! Ap043! At024! Av015!
Adult!haploid!
Clone!drones!
4! 128! 100! 110! 104!
5! 128! 100! 114! 110!
6! 128! 100! 114! 104!
! 7! 128! 100! 114! 110!
! 8! 128! 116! 110! 104!
! 9! 128! 116! 110! 110!
! 10! 128! 100! 110! 110!
! 11! 128! 100! 114! 104!
! 12! 128! 116! 110! 104!
! 13! 128! 100! 114! 104!
! 14! 128! 100! 114! 110!
!! 15! 128! 116! 110! 104!
Adult!diploid!
Clone!drones! 1! 128! 100,116! 110,114! 104!
Adult!Clone!
females!
1! 128,128! 100,116! 110,114! 110,110!
2! 128,128! 100,100! 110,114! 104,110!
3! 104,128! 116,116! 110,114! 104,110!
4! 128,128! 100,116! 110,114! 104,110!
! 5! 128,128! 100,116! 110,114! 104,110!
! 6! 128,128! 100,116! 110,114! 104,110!
! 7! 128,128! 100,116! 110,114! 104,110!
! 8! 128,128! 100,116! 110,114! 104,110!
! 9! 128,128! 100,116! 110,114! 104,104!
! 10! 128,128! 100,116! 110,114! 104,104!
! 11! 128,128! 100,116! 110,114! 104,110!
! 12! 104,128! 100,116! 110,114! 104,110!
! 13! 128,128! 100,116! 110,114! 104,110!
! 14! 128,128! 100,116! 110,114! 104,110!
! 15! 128,128! 100,116! 110,114! 104,110!
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! ! Markers!
Samples! A079! Ap043! At024! Av015!
Adult!Clone!
females!
16! 128,128! 100,116! 110,114! 104,110!
17! 128,128! 100,116! 110,114! 104,110!
18! 128,128! 100,116! 110,114! 104,110!
! 19! ! 100,116! 110,114! 104,110!
! 20! 104,128! 100,116! 110,114! 104,104!
! 21! 128,128! 100,116! 110,114! 104,110!
! 22! 128,128! 100,116! 110,110! 104,110!
! 23! 104,128! 100,116! 110,114! 104,110!
! 24! 128,128! 100,116! 110,114! 104,110!
! 25! 128,128! 100,116! 110,114! 104,110!
! 26! 128,128! 100,116! 110,114! 104,110!
! 27! 128,128! 100,116! 110,114! 104,110!
! 28! 128,128! 100,116! 110,114! 104,110!
!! 29! 128,128! 100,116! 110,114! 104,110!
!
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CHAPTER 7 
CASTE CONFLICT CONSTRAINS FORMS 
OF PARTHENOGENESIS IN EUSOCIAL 
HYMENOPTERA 
Frances!Goudie,!Benjamin!P.!Oldroyd!
ABSTRACT! In! recent! years! an! increasing! number! of! thelytokous! ant! species!
have!been!identified,!many!with!truly!amazing!reproductive!systems.!Here!we!
categorise! ant! species! by! their!mode! of!worker! and! queen! reproduction.! The!
resultant!distribution!can!be!explained!by!conflict!between!reproductive!castes,!
leading! to! the! development! of! four! hypothesis:! First,! when! thelytoky! is!
expressed! in! queens,! it!will! also! be! expressed! in! nonhsterile!workers.! Second,!
when!workers!are!capable!of!thelytoky,!obligate!queen!thelytoky!will!result!in!
the! loss! of! the! queen! caste.! Third,! exclusive! queen! thelytoky! only! evolves! in!
species!with!ancestrally!sterile!workers.!Fourth,!facultative!queen!thelytoky!and!
sterile!workers!leads!to!the!evolution!of!clonallyhproduced!males.!We!show,!by!
further!examples!from!social!bees,!that!our!hypotheses!are!likely!to!hold!for!all!
eusocial!Hymenoptera.!
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eusocial,!social!insects,!Hymenoptera,!ants,!thelytoky,!asexual,!caste!conflict!
Introduction!
The!benefits!of!sex!are!many!and!varied.!For!example,!sexual!reproduction!
enhances!an!organism’s!ability!to!generate!genetic!variation!among!its!offspring!
and!helps!it!to!purge!deleterious!mutations!from!offspring!(Williams!1975,!
Engelstädter!2008).!However,!asexuality!is!not!without!its!benefits.!Beyond!a!
twohfold!increase!in!the!inherent!rate!of!reproduction!in!an!asexual!population!
relative!to!a!sexual!one!(Maynard!Smith!1971),!asexual!reproduction!allows!an!
organism!to!avoid!the!costs!of!searching!for!mates!and!mating,!sexually!
transmitted!diseases,!and!the!risk!of!failing!to!find!a!mate!(Maynard!Smith!
1978).!Asexual!reproduction!further!prevents!the!breakdown!of!beneficial!gene!
combinations,!helping!successful!genotypes!to!persist!through!evolutionary!
time!(Engelstädter!2008).!
Irrespective!of!theoretical!costs!and!benefits,!the!pervasiveness!of!sexual!
reproduction!in!natural!systems!emphasises!that!there!must!be!significant!
evolutionary!benefits!of!sexual!reproduction!over!asexual!reproduction.!For!this!
reason,!it!is!the!rare!asexual!lineages!that!evolve!from!sexual!populations!
secondarily,!and!persist!through!time,!that!are!the!more!interesting!
evolutionary!mystery!(Maynard!Smith!1986).!Such!evolutionary!‘scandals’!
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provide!insights!into!the!evolutionary!forces!that!favour!asexuality!over!sex,!
and!by!extension,!the!forces!that!lead!to!the!ascendancy!of!sex!over!no!sex!in!the!
natural!world.!!
In!the!order!Hymenoptera!(ants,!bees,!wasps!and!sawflies),!species!
capable!of!thelytoky!(the!asexual!production!of!diploid!female!offspring!from!
unfertilised!eggs)!are!always!secondarily!derived!from!arrhenotokous!species!
(those!in!which!unfertilised!haploid!eggs!give!rise!to!males)!(Rabeling!and!
Kronauer!2013).!Thelytoky!has!evolved!at!least!255!times!in!populations!of!
normally!arrhenotokous!haplodiploids!(Normark!2003,!Engelstädter!2008)!and!
these!positive!identifications!are!likely!to!be!the!tip!of!the!iceberg.!Many!
transitions!from!arrhenotoky!to!thelytoky!are!driven!by!maternallyhtransmitted!
endobacteria,!such!as!Wolbachia,!Rickettsia!and!Cardinium!(ZchorihFein!et!al.!
2001,!Huigens!and!Stouthamer!2003,!Hagimori!et!al.!2006,!Engelstädter!2008).!
These!bacteria!are!transmitted!solely!by!eggs,!and!can!therefore!enhance!their!
own!transmission!by!converting!malehdestined!eggs!to!females!(Cordaux!et!al.!
2011).!However,!there!is!a!rapidly!expanding!list!of!haplodiploid!species!in!
which!thelytoky!is!not!beholden!to!maternallyhtransmitted!endobacteria,!and!
are!therefore!presumed!to!be!genetically!determined.!What!selective!pressures!
result!in!this!class!of!asexual!lineages?!
CHAPTER!7!
! F.!GOUDIE!268
Conceptual!map!
Here!we!examine!the!evolutionary!forces!that!likely!explain!the!distribution!of!
thelytoky!and!arrhenotoky!among!castes!in!social!insects.!We!first!categorise!
ant!species,!for!which!we!now!have!considerable!data!spanning!a!range!of!taxa,!
by!their!mode!of!worker!reproduction!(Figure!1,!Table!1):!ancestrally!sterile,!
arrhenotokous!or!thelytokous.!In!this!context,!the!category!‘thelytokous’!also!
includes!amphitokous!species!(capable!of!both!thelytokous!and!arrhenotokous!
reproduction),!as!growing!evidence!suggests!that!in!many!species!where!
thelytoky!is!observed,!individuals!make!use!of!both!forms!of!parthenogenesis!
(e.g.!Leniaud!et!al.!2012,!Eyer!et!al.!2013,!Holmes!et!al.!2015).!Together,!the!
categories!of!arrhenotoky!and!thelytoky!are!considered!‘nonhsterile’!workers,!
even!though!workers!may!only!reproduce!in!queenless!colonies.!The!important!
factor!here!is!that!workers!have!the!potential!to!reproduce!thelytokously!or!
arrhenotokously,!though!they!may!not!always!do!so.!!
We!then!categorise!species!by!their!mode!of!queen!reproduction!(Figure!
1,!Table!1):!sexual,!facultatively!thelytokous!and!obligately!thelytokous.!None!
of!these!categories!preclude!arrhenotokous!reproduction!by!queens.!Sexual!
queens,!as!with!Hymenoptera!in!general,!produce!female!offspring!sexually!
and!male!offspring!arrhenotokously.!Facultatively!thelytokous!queens!produce!
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!
!
Figure!1! A!conceptual!map!in!which!eusocial!Hymenopteran!species!are!
categorized!by!their!mode!of!worker!and!queen!reproduction.!Species!are!first!
categorized!by!their!mode!of!worker!reproduction.!Arrhenotokous!worker!
reproduction!is!assumed!to!be!ancestral!to!thelytokous!reproduction,!and!together!
these!categories!are!considered!‘nonhsterile’.!Species!are!subsequently!categorized!by!
their!mode!of!queen!reproduction.!(No!category!precludes!the!occurrence!of!additional!
arrhenotokous!queen!reproduction.)!Numbers!within!boxes!indicate!the!number!of!
species!under!a!given!category,!species!names!can!be!found!by!reference!to!Table!1.!
Numbers!prefixed!by!‘p’!refer!to!pedigrees!in!Figure!2!that!correspond!to!a!given!
category.!Where!necessary,!additional!categories!are!provided!to!reflect!additional!
details!in!modes!of!reproduction!observed.!!
!
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queenhdestined!offspring!thelytokously!and!workerhdestined!offspring!
sexually.!Obligately!thelytokous!queens!produce!all!female!offspring!
thelytokously.!!
We!have!classified!thelytokous!ant!species!following!a!review!of!all!
available!literature!in!which!thelytokous!reproduction!has!been!reported.!We!
have!confined!our!analysis!to!those!species!for!which!there!is!enough!
information!to!confidently!assign!the!species!to!a!category!(for!uncategorised!
species!see!Table!1).!This!analysis!is!not!intended!to!be!a!comprehensive!review!
of!thelytokous!species!(for!such!a!review!see!Rabeling!and!Kronauer!2013),!but!
rather!of!the!evolutionary!processes!underlying!the!distribution!of!different!
thelytokous!reproductive!systems!among!taxa.!
!While!several!congeneric!species!are!included!in!our!categorisation!
(Table!1),!we!have!not!attempted!to!control!for!the!effects!of!phylogenetic!
inertia!–!the!tendency!for!related!species!to!express!similar!traits!(reviewed!in!
Harvey!and!Pagel!1991).!This!is!because!our!data!set!is!too!sparse,!and!the!
genetic!and!evolutionary!underpinnings!of!thelytoky!too!poorly!resolved,!to!
support!such!a!comparative!analysis.!Instead,!we!focus!on!the!observation!of!
trends!in!the!categories!of!thelytokous!species!that!have!been!identified,!and!
often!more!tellingly,!the!categories!that!are!conspicuously!empty!(such!as!a!
species!with!thelytokous!queens!but!arrhenotokous!workers).!In!doing!so,!we!
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generate!hypothesis!based!on!the!data!currently!available,!fully!acknowledging!
that!data!points!may!not!be!phylogenetically!independent!and!that!future!
research!is!likely!to!reveal!much!about!currently!known!and!unknown!
thelytokous!species.!However,!we!argue!that!the!currently!known!distribution!
of!modes!of!reproduction!in!ants!provides!sufficient!information!to!suggest!
hypotheses!for!the!factors!that!determine!which!thelytokous!systems!are!able!to!
persist!over!evolutionary!time.!
Based!on!these!classifications!of!queen!and!worker!fertility,!we!develop!
four!testable!hypotheses!concerning!the!observed!distribution!of!reproductive!
modes!among!ant!taxa.!First,!when!thelytoky!is!expressed!in!queens,!it!will!also!
be!expressed!in!nonhsterile!workers.!Second,!when!workers!are!capable!of!
thelytoky,!obligate!queen!thelytoky!will!result!in!the!loss!of!the!queen!caste.!
Third,!exclusive!queen!thelytoky!only!evolves!in!species!with!ancestrally!sterile!
workers.!Fourth,!facultative!queen!thelytoky!and!sterile!workers!leads!to!the!
evolution!of!clonallyhproduced!males!(androgenesis).!
We!then!proceed!to!explain!each!of!the!four!hypotheses!by!considering!
the!outcomes!of!evolutionary!conflict!among!related!individuals!in!a!eusocial!
Hymenopteran!colony,!based!on!the!principles!of!inclusive!fitness!(Hamilton!
1964,!Ratnieks!1988,!Ratnieks!et!al.!2006).!By!this!means!we!develop!testable!
predictions!concerning!the!ways!in!which!ant!species!can!respond!to!the!socioh
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genetic!opportunities!offered!by!thelytokous!reproduction!by!workers!and!
queens.!!
Hypothesis!1:!When!thelytoky!is!expressed!in!queens,!it!will!
also!be!expressed!in!non_sterile!workers!
In!the!Hymenoptera,!workers!and!queens!share!the!same!genome!(Schwander!
et!al.!2010).!Shared!genomes!mean!that!when!geneticallyhdetermined!thelytoky!
evolves!in!one!female!caste!it!should!automatically!become!an!option!for!all!
other!female!castes.!This!is!not!to!say!that!a!given!individual!can!‘choose’!the!
mode!of!reproduction!she!expresses.!Rather,!it!means!that!if!there!is!a!selective!
advantage!to!expressing!thelytoky!in!workers,!when!it!is!already!present!in!
queens,!it!is!logical!to!assume!that!selection!will!act!on!the!prehexisting!genetic!
potential,!so!that!at!equilibrium,!thelytoky!will!also!be!expressed!in!the!worker!
caste.!
An!exception!to!this!reasoning!will!occur!if!worker!sterility!in!a!
particular!species!is!absolute!and!irreversible.!In!the!workers!of!many!ant!
species,!the!reproductive!organs!are!vestigial!or!absent!(Khila!and!Abouheif!
2010).!In!these!species!workers!are!incapable!of!any!form!of!reproduction!and!
so!worker!thelytoky!is!unlikely!to!evolve,!even!if!it!has!emerged!as!a!
reproductive!option!in!their!queens.!The!reasons!for!this!are!two!fold.!First,!a!
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large!number!of!evolutionary!changes!are!required!for!an!ancestrally!sterile!
worker!to!become!capable!of!thelytoky,!whereas!an!ancestrally!arrhenotokous!
worker!can!already!produce!viable!asexual!eggs!via!a!mode!of!reproduction!
that!is!cytogenetically!similar!to!thelytoky.!Second,!and!perhaps!more!
importantly,!there!is!no!direct!route!for!selection!to!act!on!the!worker!caste!
(Darwin!1859)!and!so!when!workers!are!sterile,!thelytoky!should!only!emerge!
in!a!species!where!worker!thelytoky!benefits!queens!–!an!unlikely!scenario!
because!workers!can!then!compete!with!their!queen!over!reproduction.!!
Our!survey!of!female!reproductive!strategies!in!ants!(Table!1)!shows!that!
there!are!no!species!in!which!queens!are!thelytokous,!and!nonhsterile!workers!
refrain!from!thelytoky.!This!classification!can!be!seen!most!clearly!among!the!
thousands!of!species!with!arrhenotokous!workers!(i.e.!nonhsterile!but!not!
thelytokous).!In!all!these!species,!the!queens!are!obligately!sexual!when!
producing!female!offspring.!To!our!knowledge,!there!is!not!a!single!example!of!
a!social!insect!species!in!which!workers!are!arrhenotokous!but!queens!are!
thelytokous,!either!obligately!or!facultatively.!!
The!benefit!of!thelytoky!for!workers!is!clear;!an!arrhenotokous!worker!
(Figure!2,!pedigree!1)!is!limited!to!the!production!of!haploid!male!offspring,!to!
which!she!is!related!by!0.5.!The!kin!benefit!of!producing!male!offspring!is!
severely!limited!by!two!factors.!First,!the!production!of!a!male!offspring!is!
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almost!certainly!a!genetic!deadhend.!The!likelihood!that!a!workerhproduced!
male!will!mate!with!a!queen!that!goes!on!to!successfully!found!a!colony!is!very!
low.!Second,!when!queens!are!polyandrous,!a!worker!is!more!closely!related!to!
the!sons!of!her!mother!(r!=!0.25)!than!the!sons!of!her!halfhsisters!(r!=!0.125).!
Because!workers!in!such!a!colony!are,!on!average,!halfhsisters,!colony!level!
forces!act!to!minimise!worker!reproduction,!via!both!worker!policing!(Ratnieks!
1988)!and!worker!selfhrestraint!(Wenseleers!et!al.!2004).!!
In!contrast,!when!a!worker!is!able!to!reproduce!via!thelytoky!(Figure!2,!
pedigree!2),!she!produces!offspring!that!are!genetically!identical!to!herself.!
These!offspring!have!the!potential!to!be!raised!as!queens,!which!would!result!in!
her!genetic!reincarnation!in!the!queen!phenotype!(Jordan!et!al.!2008,!Holmes!et!
al.!2015).!While!the!probability!that!any!given!female!worker!offspring!will!be!
raised!as!a!queen!is!very!small,!the!potential!payoff!is!much!larger!than!for!a!
male!offspring.!Furthermore,!in!a!colony!where!workers!produce!females!
thelytokously,!individuals!are!equally!related!to!the!offspring!of!a!thelytokous!
worker!as!they!are!to!that!worker!itself!(Greeff!1996).!Therefore,!strong!selective!
pressures!can!act!on!worker!lineages!to!maximise!their!direct!reproductive!
success,!without!dramatically!altering!the!relatedness!of!individuals!within!the!
colony!and!so!the!stability!of!the!kin!structure!(Beekman!and!Oldroyd!2008).!!
!
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Figure!2! Pedigrees!showing!relatedness!in!eusocial!haplodiploid!colonies!with!a!
range!of!reproductive!structures.!Relatedness!values!are!given!in!relation!to!a!focal!
worker!(circled!in!red).!
Pedigree%1! A!typical!eusocial!haplodiploid!colony!in!which!queens!produce!
females!sexually!and!males!arrhenotokously.!Workers!are!additionally!capable!of!
producing!males!arrhenotokously.!A!worker!is!more!closely!related!to!the!son!of!her!
mother!(0.25)!than!she!is!to!the!son!of!her!halfhsister!(0.125),!and!so!colony!level!forces!
act!to!minimise!worker!reproduction!via!worker!policing!and!worker!selfhrestraint!
(reviewed!in!Ratnieks!et!al.!2006).!!
Pedigree%2! Queens!produce!workers!and!queenhdestined!daughters!sexually!and!
males!arrhenotokously.!Workers!are!capable!of!producing!females!thelytokously,!and!
these!females!have!the!potential!to!be!raised!to!the!queen!phenotype.!Workers!are!
equally!related!to!the!daughter!of!the!queen!as!they!are!to!the!daughter!of!their!halfh
sister!(0.25),!and!so!selection!against!worker!reproduction!is!reduced!or!absent.!!
Pedigree%3! All!individuals!reproduce!thelytokously.!A!lack!of!genetic!
differentiation!between!queens!and!workers!leads!to!a!breakdown!in!reproductive!
division!of!labour!and!loss!of!the!queen!caste.!!
Pedigree%4! Queens!produce!workers!sexually,!males!arrhenotokously!and!queenh
destined!daughters!thelytokously.!Workers!are!additionally!capable!of!producing!
females!thelytokously.!This!pattern!is!unstable!and!requires!hybridogenesis!for!its!
maintenance.!
Pedigree%5! Queens!produce!females!(workers!and!daughter!queens)!thelytokously!
while!workers!are!sterile.!This!pattern!can!only!evolve!in!species!where!workers!were!
ancestrally!sterile.!
Pedigree%6! Queens!produce!workers!sexually!and!queenhdestined!daughters!
thelytokously!while!workers!are!sterile.!Males!are!genetically!identical!to!their!fathers.!!
!!
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!Thus,!when!thelytoky!is!both!a!physiological!and!evolutionary!option!
for!the!worker!caste!(i.e.!workers!are!nonhsterile!and!the!genetic!potential!for!
thelytoky!has!evolved!in!the!population),!it!is!one!that!will!be!expressed.!!
Hypothesis!2:!When!workers!are!capable!of!thelytoky,!
obligate!queen!thelytoky!will!result!in!the!loss!of!the!queen!
caste!
Among!known!species!in!which!workers!are!thelytokous,!three!have!sexual!
queens,!four!have!facultatively!thelytokous!queens!and!three!have!complete!
loss!of!reproductive!division!of!labour!(i.e.!all!workers!can!reproduce!and!there!
are!no!queens,!Table!1).!Thus,!with!the!exception!of!species!that!have!lost!
reproductive!division!of!labour,!queens!of!colonies!in!which!workers!are!
capable!of!thelytoky!all!continue!to!reproduce!sexually!to!some!degree.!!
Queenless!ants!
It!is!in!the!species!that!have!undergone!complete!loss!of!reproductive!division!
of!labour!that!we!find!what!may!be!the!key!to!explaining!Hypothesis!2.!We!
suggest!that!when!queens!forgo!sex,!there!is!nothing!to!set!them!apart!
genetically!from!the!nonhsterile!worker!caste,!and!so!a!breakdown!in!
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reproductive!division!of!labour!ensues,!leading!either!to!the!loss!of!castes!or!to!
extinction.!
In!a!typical!eusocial!haplodiploid!colony!(Figure!2,!pedigree!1),!workers!
forgo!direct!reproduction!in!favour!of!raising!the!daughters!of!their!mother!
queen,!to!whom!they!are!also!related.!While!workers!of!many!species!can!
produce!males!arrhenotokously,!they!are!incapable!of!producing!females,!and!
so!rely!on!the!queen!to!produce!female!offspring!(queens!and!workers)!
vicariously.!Yet!despite!the!necessity!of!the!queen!for!the!reproductive!future!of!
the!colony,!conflict!over!reproductive!investment!is!still!able!to!manifest!
(reviewed!in!Ratnieks!et!al.!2006).!!
When!workers!are!able!to!reproduce!thelytokously,!they!no!longer!need!
the!queen!for!production!of!females.!For!these!species,!sex,!rather!than!the!
production!of!females,!is!the!only!means!by!which!the!queen!is!genetically!
distinguishable!from!her!worker!daughters.!As!a!result,!we!predict!that!conflict!
within!such!colonies!would!be!able!to!escalate!beyond!the!point!at!which!it!
would!otherwise!be!curtailed!by!the!reproductive!dominance!of!the!queen.!
When!queens!forgo!sex!a!breakdown!in!reproductive!division!of!labour!
seems!inevitable!(Figure!2,!pedigree!3).!It!is!this!breakdown,!we!believe,!that!
underlies!the!origin!of!queenless!ant!species!with!thelytokous!workers.!In!
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species!with!thelytokous!workers,!lack!of!a!queen!caste!is!observed!in!three!
species:!Cerapachys%biroi,%Pristomyrmex%punctatus%and%Platythyrea%punctata%(Itow!et!
al.!1984,!Tsuji!and!Yamauchi!1995,!Schilder!et!al.!1999,!Schilder!et!al.!1999).!
Queenlessness!is!also!observed!in!approximately!100!nonhthelytokous!
ants,!including!Dinoponera%quadriceps%(Peeters!1993,!Monnin!and!Peeters!1999).!
In!these!ants,!all!females!are!produced!sexually!by!a!dominant!gamergate!
worker!that!has!mated!and!monopolises!reproduction!(Monnin!and!Peeters!
1999).!In!contrast,!in!Ce.%biroi%and!Pr.%Punctatus!all!workers%reproduce,!cycling!
between!a!reproductive!phase,!in!which!eggs!are!laid,!and!a!brood!care!phase!
(Figure!3),!in!which!workers!cease!to!produce!eggs!and!are!policed!(attacked!by!
fellow!workers)!if!they!do!so!(Tsuji!1990,!Ravary!and!Jaisson!2002).!!
In%Ce.%biroi%and!Pr.%punctatus!all!individuals!are!clonally!produced!and!
are!themselves!able!to!reproduce!clonally.!Thus!there!is!no!basis!upon!which!to!
expect!competition!of!reproductive!hierarchies.!Not!only!do!all!individuals!
have!equal!reproductive!potential,!there!is!no!conflict!over!reproduction!when!
the!offspring!of!a!nestmate!is!identical!to!one’s!own!offspring.!It!is!important!to!
note!that!we!would!not!expect!such!a!harmonious!outcome!were!there!genetic!
variation!within!the!colony,!and!indeed,!in!Pr.%pungens%we!observed!geneticallyh
distinct!cheater!lineages!with!‘intercaste’!phonotypes!that!reproduce!at!the!!
!
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Figure!3! Cerapachys%biroi,%the!clonal!raider!ant,!a!queenless!ant!in!which!all!
workers!reproduce!thelytokously.!Colonies!cycle!between!a!reproductive!phase!(a)!in!
which!eggs!are!laid!inside!the!colony!(here!a!raised!glass!slide)!and!a!brood!care!phase!
(b)!in!which!the!colony!is!provisioned!(C.%biroi!is!an!obligate!myrmecophages!and!raids!
the!nests!of!other!ant!species!to!feed!on!brood).!!
Photos!courtesy!of!Peter!Oxley,!Laboratory!of!Insect!Social!Evolution,!The!Rockefeller!
University!
a!
b!
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expense!of!the!colony!(Sasaki!and!Tsuji!2003,!Dobata!et!al.!2011).!In!Ce.%biroi,!
reproductive!intercaste!individuals!are!also!observed!(Ravary!and!Jaisson!2004).!
However,!these!individuals!are!not!genetically!distinct!from!other!workers!in!
the!colony!and!are!thought!to!represent!a!colonyhlevel!means!of!regulating!
reproductive!output!(Lecoutey!et!al.!2011).!!
In!contrast!to!Ce.%biroi%and!Pr.%punctatus,!in!Pl.%punctata%linear!dominance!
hierarchies!are!established!in!which!reproduction!is!dominated!by!a!single!
worker!(Heinze!and!Hölldobler!1995,!Schilder!et!al.!1999,!Hartmann!and!Heinze!
2003).!Reproductive!workers!do!not!leave!the!nest!to!engage!in!tasks!such!as!
foraging,!and!live!longer!(>!200!days)!than!nonhreproductive!workers!
(Hartmann!and!Heinze!2003).!Thus!this!species!more!closely!resembles!the!nonh
thelytokous!queenless!ant!species!than!it!does!other!thelytokous!taxa.!!
It!has!been!suggested!that!dominance!hierarchies!in!Pl.%punctata%may!be!
the!outcome!of!policing!to!enhance!group!efficiency!(Hartmann!et!al.!2003).!
However,!in!Pl.%punctata,%colony!fusion!is!a!common!event!with,!37!to!46%!of!
colonies!containing!two!or!more!multilocus!genotypes!among!workers!(Kellner!
et!al.!2010),!and!this!may!play!a!role!in!driving!the!establishment!of!dominance!
hierarchies.!Fusion!occurs!when!two!colonies!come!in!contact!and,!after!some!
initial!aggression,!form!a!single!cohesive!colony!with!a!new!dominance!
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hierarchy.!While!colony!fusion!may!be!a!result!of!limited!nest!site!availability!
combined!with!the!nonhadaptive!byproduct!of!weakened!nestmate!
discrimination!in!an!otherwise!clonal!population!(Kellner!et!al.!2010),!fusion!
also!provides!a!benefit!for!reproductively!dominant!individuals!that!would!be!
superfluous!in!a!colony!where!all!individuals!were!identical.!In!the!presence!of!
a!dominance!hierarchy,!fusion!will!benefit!the!genetic!lineage!whose!
reproductives!survive,!by!temporarily!harnessing!the!benefits!(Oldroyd!and!
Fewell!2007)!of!increased!genetic!heterogeneity!in!the!worker!population!of!the!
fused!colony.!
Through!these!thelytokous!queenless!species,!we!learn!what!a!colony!in!
which!all!individuals!reproduce!entirely!without!sex!looks!like.!We!contrast!this!
form!of!sociality!with!colonies!in!which!all!individuals!have!the!evolutionary!
potential!for!thelytoky,!but!in!which!sex!has!been!maintained!in!the!queen!
caste.!!
Sexual!queens!with!thelytokous!workers!
There!are!three!species!in!which!workers!are!thelytokous!while!queens!are!
entirely!sexual:!Cataglyphis%sabulosa%(Timmermans!et!al.!2008),!Cataglyphis%
savignyi!(Leniaud!et!al.!2011)!and!Messor%capitatus%(Grasso!et!al.!2000).!Here!we!
see!a!scenario!that!can!be!regarded!as!the!inverse!of!our!first!Hypothesis!h!while!
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there!are!no!taxa!in!which!workers!refrain!from!thelytoky!when!it!is!an!
evolutionary!option!for!them,!in!these!three!species,!queens!appear!to!do!just!
this.!
Following!our!reasoning!above,!it!is!clear!that!if!workers!are!thelytokous,!
thelytoky!is!an!evolutionary!possibility!for!their!queen,!and!thus!we!must!
consider!the!evolutionary!factors!that!may!work!against!the!expression!of!
thelytoky!by!the!queen!caste.!
Cataglyphis%sabulosa,!C.%savignyi!and!M.%capitatus%have!a!colonyhlevel!
reproductive!structure!that!is!akin!to!that!of!perhaps!the!best!studied!of!the!
thelytokous!eusocial!Hymenopterans,!the!Cape!honey!bee,!Apis%mellifera%
capensis.%As!with!the!abovehmentioned!ant!species,!A.%m.%capensis%workers!
regularly!engage!in!the!thelytokous!production!of!female!offspring!(Beekman!et!
al.!2009).!However,!mated!queens!reproduce!entirely!via!sex!and!arrhenotoky.!
This!is!despite!the!fact!that!virgin!queens,!when!induced!to!start!laying!by!
double!narcosis!with!CO2,!do!so!both!thelytokously!and!arrhenotokously!
(Crewe!and!Allsopp!1994,!Oldroyd!et!al.!2008),!providing!further!evidence!that!
thelytoky!is!an!evolutionary!option!for!the!A.%m.%capensis%queen.!!
We!(Goudie!and!Oldroyd!2014)!have!previously!explored!the!interplay!
of!life!history!with!the!costs!and!benefits!of!sex!and!asexuality!that!has!resulted!
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in!the!evolution!of!different!reproductive!strategies!in!A.%m.%capensis%females.!
Thelytoky!in!A.%m.%capensis%occurs!via!automixis!with!central!fusion!(Verma!and!
Ruttner!1983),!a!form!of!parthenogenesis!that!has!also!been!associated!with!
many!of!the!thelytokous!ants!(e.g.!Platythyrea%punctata!(Kellner!and!Heinze!
2011),!Mycocepurus%smithii!(Rabeling!et!al.!2011),!Cerapachys%biroi!(Kronauer!et!al.!
2012)).!Automixis!with!central!fusion!often!carries!with!it!an!innate!cost.!At!any!
locus!that!is!free!to!recombine,!there!is!a!1/3!chance!that!heterozygosity!that!was!
present!in!the!mother!will!be!lost!in!the!offspring!(Suomalainen!et!al.!1987,!
Pearcy!et!al.!2006).!Loss!of!heterozygosity!is!particularly!detrimental!to!the!
Hymenoptera!due!to!their!mode!of!sex!determination!(Figure!4),!which!results!
in!1/3!of!thelytokous!offspring!being!inviable!diploid!males.!Furthermore,!loss!
of!heterozygosity!is!cumulative!over!generations!of!thelytoky,!and!is!predicted!
to!lead!to!genomehwide!inbreeding!(Goudie!et!al.!2012,!Goudie!et!al.!2013).!
Heterozygosity!in!A.%m.%capensis%is!maintained!by!selection!against!
homozygous!recombinant!offspring!at!genes!that!are!subject!heterozygote!
advantage!(Oldroyd!et!al.!2011,!Goudie!et!al.!2012,!Goudie!et!al.!2013).!We!
argue!that!it!is!heterozygote!advantage!that!underlies!the!distribution!of!
thelytoky!among!A.%m.%capensis%castes.!For!heterozygosity!to!be!maintained!
under!thelytoky!with!recombination,!homozygous!offspring!must!be!removed!!
!
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Figure!4! Sex!determination!in!haplodiploids.!Sex!is!determined!by!zygosity!at!a!
complementary!sex!determining!locus!(C).!Heterozygosity!at!C!(C3,C1!and!C3,C2)!
results!in!a!diploid!female,!hemizygosity!(in!arrhenotokously!produced!males)!(C1!and!
C2)!results!in!a!haploid!male.!Homozygosity!at!C!(C1,C1)!results!in!a!diploid!male,!
which!is!inviable.!!
!
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C3,C2' C2,C1'C1,C1' C2'C1'
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by!selection!at!each!generation.!Goudie!et!al.!(2014)!suggest!that!this!cost!may!
not!impose!a!major!restriction!on!workers,!that!make!use!of!opportunities!for!
reproduction!that!would!not!otherwise!be!available!to!them,!while!still!
acquiring!the!indirect!benefits!of!a!eusocial!existence.!However,!we!argue!that!
this!cost!is!too!high!to!be!born!by!queens.!
A!honey!bee!colony!produces!only!a!small!number!of!queen!cells!
containing!the!queenhdestined!daughters!of!the!existing!queen.!The!mother!
queen!leaves!the!colony!heading!a!swarm!before!these!daughters!emerge.!One!
of!her!daughters!will!inherit!the!original!colony,!and!one!or!two!may!head!a!
secondary!swarm!that!has!lower!survival!than!the!first!(Hepburn!and!Radloff!
1998,!Seeley!2010).!In!this!way,!the!reproductive!fitness!of!the!honey!bee!colony!
rests!almost!entirely!on!1h3!daughter!queens.!For!the!queen!caste,!a!reduction!in!
the!viability!of!daughter!queens!associated!with!loss!of!heterozygosity!arising!
from!thelytoky!may!be!an!unacceptably!high!risk.!This!is!particularly!the!case!
for!a!species!like!A.%m.%capensis%where!the!queen!runs!the!risk!of!her!queenh
destined!daughters!being!usurped!by!the!daughters!of!workers!from!other!
colonies!(Jordan!et!al.!2008,!Allsopp!et!al.!2010,!Holmes!et!al.!2010,!Moritz!et!al.!
2011).!Thelytokous!daughter!queen!production!also!brings!a!queen!into!
reproductive!conflict!with!her!worker!daughters.!When!queens!reproduce!
sexually!and!workers!thelytokously!(Figure!2,!pedigree!3),!a!queen!is!equally!
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related!to!her!own!sexuallyhproduced!daughter,!as!she!is!to!the!thelytokously!
produced!offspring!of!such!a!daughter!and!there!is!therefore!no!queenhworker!
conflict.!However,!if!a!queen!produces!daughter!queens!thelytokously!and!
daughter!workers!sexually!(Figure!2,!pedigree!4),!she!will!share!100%!of!alleles!
with!her!own!daughter!queens,!and!only!50%!of!alleles!with!the!thelytokous!
daughters!of!her!sexuallyhproduced!worker!offspring.!This!asymmetry!of!
relatedness!provides!the!basis!for!interhcaste!evolutionary!conflict!that!is!likely!
to!be!unstable!(Goudie!and!Oldroyd!2014).!!
We!suggest!that!some!of!the!barriers!to!queen!thelytoky!in!A.%m.%capensis%
may!also!apply!to!queens!of!the!thelytokous!ant!species!in!which!both!queens!
and!workers!are!capable!of!thelytoky.!Note!that!in!some!species!thelytokous!
reproduction!occurs!without!loss!of!heterozygosity!(e.g.!C.%biroi,!Kronauer!et!al.!
2012)!and!ant!colonies!invest!less!in!individual!queens!than!honey!bee!colonies!
do.!Thus!it!may!be!that!the!asymmetries!in!relatedness,!where!workers!are!
produced!sexually!and!queens!asexually,!prevent!this!kind!of!arrangement!
from!being!stable.!
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Facultatively!thelytokous!queens!with!thelytokous!workers!
Given!the!barriers!to!queen!thelytoky!discussed!above,!we!must!now!consider!
the!species!in!which!queens!with!thelytokous!workers!do!engage!in!thelytoky,!
albeit!in!a!facultative!manner.!!
In!four!species,!all!of!the!genus!Cataglyphis,!we!observe!worker!
thelytoky,!while!queens!are!facultatively!thelytokous!(Figure!2,!pedigree!4):!
Cataglyphis%cursor,%Ca.%hispanica,%Ca.!mauritanica%and%Ca.%velox.%Here,!queens!are!
capable!of!thelytoky,!but!only!utilise!it!to!produce!queenhdestined!offspring.!
This!is!an!optimal!scenario!for!queens,!for!they!are!related!to!their!reproductive,!
queenhdestined!offspring!by!unity,!while!their!daughter!workers,!who!support!
their!reproductive!efforts,!acquire!desirable!genetic!variation!(Oldroyd!and!
Fewell!2007)!via!sex.!!
This!evolutionary!innovation!has!been!taken!a!step!further!in!three!
species:!Ca.%hispanica,%Ca.%mauritanica%and%Ca.%velox,%where%queens!mate!with!
males!of!genetically!distinct!lineages!and!produce!workers!via!hybridogenesis!
(Leniaud!et!al.!2012,!Eyer!et!al.!2013).!Thus!workers!have!high!levels!of!
heterozygosity,!while!the!queen!lineage!becomes!increasingly!inbred!(Eyer!et!al.!
2013).!
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While!the!benefit!of!facultative!thelytoky!for!the!queen!in!these!systems!
is!clear,!conflict!is!predicted!between!the!queen!and!her!thelytokyhcapable!
workers.!And!indeed!in!the!nonhhybridogen!Ca.%cursor,%queens!do!not!have!the!
same!degree!of!reproductive!dominance!queens!enjoyed!by!queens!in!most!
insect!colonies.!More!than!60%!of!Ca.%cursor%colonies!are!headed!by!workerh
produced!queens!(Pearcy!et!al.!2006).!Competition!for!reproductive!dominance!
also!occurs!between!workers!(Clemencet!et!al.!2008),!with!larger!workers!more!
likely!to!reproduce!and!to!lay!more!eggs!than!smaller!workers.!Thus,!we!
suggest!that!Ca.%cursor%may!represent!a!colony!phenotype!that!is!intermediate!
between!facultative!queen!thelytoky,!and!loss!of!reproductive!divisions!of!
labour,!as!would!be!expected!in!a!species!where!workers!are!able!to!produce!
their!own!reproductive!offspring!asexually,!and!in!which!it!is!an!evolutionary!
advantage!to!do!so!(as!sexually!produced!workers!are!more!closely!related!to!
their!own!thelytokous!offspring!than!to!the!thelytokous!offspring!of!their!
mother).!This!system!may!be!mediated!by!rare!sexual!reproduction!in!queens,!
3.6%!of!gynes!(daughter!queens)!are!sexually!produced!(Pearcy!et!al.!2004),!
providing!the!Ca.%cursor%queen!with!a!reproductive!edge!over!her!workers.!
In!contrast,!there!are!few!data!available!on!the!reproductive!contribution!
of!hybridogen!workers!to!the!queen!caste!of!their!respective!species.!To!date,!
thelytoky!has!only!been!documented!in!orphaned!workers!(Leniaud!et!al.!2012,!
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Eyer!et!al.!2013).!The!lineages!that!define!the!hybridogen!species!show!strong!
genetic!divergences,!suggesting!the!ascendance!of!hybrids!to!the!reproductive!
queen!caste!is!rare!or!absent.!This!strongly!suggests!that!the!hybrid!nature!of!
workers!may!limit!the!fitness!of!their!thelytokous!offspring!in!the!queen!caste.!!
Hypothesis!3:!Exclusive!queen!thelytoky!only!evolves!in!
species!with!ancestrally!sterile!workers!!
Thus,!far!we!have!only!discussed!species!in!which!workers!are!factitively!
fertile.!However,!in!a!number!of!species,!workers!are!sterile,!incapable!of!
producing!eggs!of!any!kind.!In!these!species,!the!evolution!of!exclusive!queen!
thelytoky!becomes!possible,!because!there!is!no!means!by!which!the!trait!can!
spread!to!workers.!In!contrast,!when!workers!are!fertile,!thelytoky,!when!
present!in!the!population,!will!always!be!expressed!in!workers!(see!Hypothesis!
1).!Thus,!we!argue!that!for!queen!thelytoky!to!evolve!without!worker!thelytoky!
cohevolving,!it!is!necessary!that!the!worker!sterility!was!ancestral,!absolute!and!
irreversible.!!
One!species!with!thelytokous!queens!but!with!sterile!workers,!
Monomorium%triviale%(Gotoh!et!al.!2012),%illustrates!this!point!nicely.!All!species!
in!the!genus!Monomorium%have!sterile!workers!(Frumhoff!and!Ward!1992),!
strongly!indicating!that!Mo.%triviale%had!complete!worker!sterility!prior!to!the!
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emergence!of!queen!thelytoky.!Our!requirement!of!absolute!worker!sterility!
prior!to!the!emergence!of!queen!thelytoky!provides!a!testable!prediction!of!
Hypothesis!3.%
Obligately!thelytokous!queens!with!sterile!workers!
Five!species!are!known!in!which!queens!are!obligately!thelytokous!and!workers!
are!obligately!sterile,!Strumigenys%membranifera%(Ito!et!al.!2010),!Anoplolepis%
gracilipes%(Gruber!et!al.!2013),%Monomorium%triviale%(Gotoh!et!al.!2012),%
Mycocepurus%smithii!(Rabeling!et!al.!2009),!and!Strumigenys%hexamera%(Masuko!
2013).!
When!queen!thelytoky!evolves!in!a!species!with!ancestral!worker!
sterility!(Figure!2,!pedigree!5),!thelytoky!is!not!an!evolutionary!option!for!the!
worker!caste.!Therefore,!the!queen!is!free!to!reproduce!entirely!via!thelytoky!
without!coming!into!direct!conflict!with!her!worker!daughters.!This!results!in!
colonies!that!consist!of!clonally!related!individuals,!with!no!(or!very!little)!
genetic!variation.!!
Species!in!which!queens!are!obligately!thelytokous!and!workers!are!
sterile!lack!genetic!diversity,!yet!these!species!appear!to!thrive!in!certain!
environments!and!circumstances.!Three!such!species!are!invasive!(in!the!
ecological!sense),!S.%membranifera%(Herrera!and!Longino!2008,!Burwell!et!al.!
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2010),%S.%hexamera%(Masuko!2013),!and!A.%gracilipes%(Holway!and!Suarez!2002,!
Gruber!et!al.!2013).!A.%gracilipes%is!listed!among!the!top!100!of!the!world’s!worst!
invasive!species!(Lowe!et!al.!2002),!while!My.%smithii%has!one!of!the!most!
widespread!distribution!of!any!fungus!gardening!ant!(Himler!et!al.!2009).!
During!invasion,!thelytoky!enables!the!preservation!of!highly!invasive!
genotypes,!without!the!assortment!of!alleles!that!occurs!during!sexual!
recombination.!In!addition,!invasive!populations!that!have!been!liberated!from!
the!competition!and!predation!faced!in!their!native!range,!may!have!a!lower!
requirement!for!the!evolutionary!potential!provided!by!sexual!recombination.!
Furthermore,!invasive!populations!are!often!founded!by!a!small!number!of!
individuals,!and!so!are!vulnerable!to!founder!effects!including!inbreeding.!
Thelytoky!allows!populations!to!overcome!these!challenges.!!
Hypothesis!4:!Facultative!queen!thelytoky!with!sterile!
workers!leads!to!the!evolution!of!androgenesis!!
Facultative!queen!thelytoky,!in!which!queens!produce!new!queens!
thelytokously!and!sterile!workers!sexually,!would!simultaneously!maximize!
relatedness!between!queens!and!queen!daughters,!and!generate!desirable!
genetic!diversity!among!the!workers!of!the!colony.!And!indeed,!we!observe!this!
reproductive!system!in!species!in!which!queens!are!produced!thelytokously!
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(above).!When!species!with!sterile!workers!evolve!this!reproductive!tactic,!we!
observe!what!must!be!one!of!the!most!fascinating!reproductive!systems!of!all.!!
In!three!species,!Paratrechina%longicornis,%Vollenhovia%emeryi!and!
Wasmannia%auropunctata,!queens!produce!queenhdestined!offspring!
thelytokously!and!sterile!workers!sexually.!Strikingly,!in!each!of!these!species!
haploid!male!offspring!of!the!queen!are!genetically!identical!to!the!males!that!
mated!with!the!queen!(Figure!2,!pedigree!6).!That!is!to!say,!these!species!have!
independently!evolved!what!are!effectively!clonal!males,!a!form!of!
parthenogenesis!known!as!androgenesis.!It!has!been!theorised!that!in!W.%
auropunctata,!the!besthstudied!of!the!three!species,%males!are!produced!via!the!
elimination!of!the!maternal!genome!from!the!fertilised!egg!(Fournier!et!al.!2005,!
Foucaud!et!al.!2010),!although!it!is!also!possible!that!the!male’s!sperm!may!
initiate!the!development!of!‘anucleate!ovules’!(Foucaud!et!al.!2007).!
Haplodiploid!reproductive!systems!typical!of!most!Hymenopterans!are!
observed!in!some!populations!of!W.%auropunctata,!and!thus!we!know!that!
androgenesis!is!strictly!associated!with!queen!thelytoky!(Queller!2005,!Foucaud!
et!al.!2010,!Wenseleers!and!Van!Oystaeyen!2011,!Rey!et!al.!2013).!!
How!is!facultative!queen!thelytoky!in!species!with!sterile!workers!
associated!with!the!emergence!of!a!reproductive!phenomenon!as!unusual!as!
androgenesis?!The!sexual!production!of!sterile!workers!requires!the!presence!of!
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males!in!the!population.!Yet!sterile!workers!are!a!genetic!dead!end.!And!in!this!
system,!males!contribute!nothing!to!reproductive,!queenhdestined!offspring.!
Thus,!at!first!glance,!this!system!could!be!seen!as!the!ultimate!stalemate!in!a!
battle!of!the!sexes.!Males,!relegated!to!genetic!oblivion!by!queen!thelytoky,!
evolve!the!means!to!clone!themselves,!thus!founding!their!own!genetic!lineage.!
However,!we!argue!that!the!real!story!is!more!nuanced.!
!All!androgenetic!species!identified!to!date!are!highly!invasive..!
Thelytoky!and!male!clonality!are!associated!with!invasive!populations,!but!are!
absent!in!the!indigenous!populations!from!which!they!arose.!Invasive!
populations!often!suffer!from!founder!effects!and!initially!low!densities.!During!
this!phase!of!invasion,!queens!may!have!great!difficulty!finding!an!unrelated!
mate.!Thus!inbreeding!is!a!major!barrier!to!the!establishment!of!invasive!
populations!of!ants,!wasps!and!bees.!A!species!in!which!both!males!and!females!
can!be!produced!clonally!does!not!have!this!concern.!A!single!mated!queen!
could!found!a!population!and!produce!not!only!sexual!workers!and!
thelytokous!queenhdaughters,!but!also!unrelated!males!to!mate!with!her!
daughters.!Furthermore,!a!mated!queen!producing!workers!sexually!also!
provides!her!queenhdaughters!with!the!mates!they!need!to!produce!outbred!
workers!with!equally!fit!genotypes.!Thus,!rather!then!being!an!outcome!of!
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competition!between!sexes,!we!suggest!that!male/female!clonality!may!arise!as!
an!adaptation!to!invasiveness.!!
This!assertion!is!supported!by!the!work!of!Rey!et!al.!(2013),!who!
confirmed!that!androgenesis!is!a!parthenogenetic!female!trait.!That!is,!it!is!the!
genotype!of!the!female!that!determines!whether!she!produces!arrhenotokous!or!
androgenetic!male!offspring,!as!oppose!to!the!genotype!of!the!male!she!mates!
with.!Parthenogenetic!female!produce!male!offspring!almost!exclusively!via!
androgenesis,!regardless!of!the!male!they!mate!with.!
If!male/female!clonality!is!adaptive,!how!does!this!contribute!to!
answering!the!question!of!why!we!do!not!observe!facultatively!thelytokous!
queens!in!populations!with!sterile!workers!in!the!absence!of!clonal!males?!In!
the!absence!of!androgenesis,!queens!must!mate!with!males!produced!by!other!
colonies!if!they!are!to!avoid!inbreeding.!However,!when!the!only!offspring!
produced!sexually!are!sterile!workers,!a!colony!that!is!producing!males!receives!
no!evolutionary!return!on!their!investment!in!those!males.!Alleles!that!promote!
the!production!of!males!find!an!evolutionary!dead!end!in!sterile!workers.!Thus,!
in!such!a!system,!queens!may!be!relegated!to!the!thelytokous!production!of!
workers!due!to!a!lack!of!unrelated!males,!resulting!in!obligately!thelytokous!
queens.!
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In!this!scenario,!androgenesis!is!simply!a!mechanism!by!which!the!
cessation!of!male!production!is!avoided.!In!populations!where!androgenesis!
fails!to!evolve,!obligate!queen!thelytoky!is!the!predicted!result.!Thus,!we!can!
explain!the!emergence!of!clonal!males!in!terms!of!relatedness!within!the!colony,!
without!the!need!to!invoke!additional!factors!such!as!sexual!selection.!
An!alternative!explanation!for!the!observed!association!between!queen!
thelytoky!and!androgenesis!is!that!the!two!are!mechanically!linked,!such!that!
androgenesis!cannot!evolve!in!the!absence!of!queen!thelytoky.!However,!this!
explanation!is!not!incompatible!with!the!evolutionary!approach!considered!
here.!Regardless!of!the!mechanism!by!which!the!potential!for!androgenesis!and!
thelytoky!arise!within!a!population,!male!and!female!clonality!must!bestow!a!
fitness!advantage,!for!that!potential!to!be!selected!for!and!then!maintained!
within!the!population.!!
What!about!wasps?!
Our!four!hypothesis!describe!and!explain!the!range!of!thelytokous!reproductive!
systems!observed!in!both!ants!and!bees.!Thus!far!we!have!ignored!the!last!
major!group!of!eusocial!Hymenoptera,!the!social!wasps.!It!is!interesting!to!note!
that!to!date,!not!a!single!case!of!thelytoky!has!been!observed!in!eusocial!wasps!
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(Rabeling!and!Kronauer!2013).!Thus,!there!are!no!examples!from!the!wasps!that!
violate!our!hypotheses.!!
It!is!important!to!note!that!despite!the!absence!of!thelytokous!eusocial!
wasps,!thelytoky!is!relatively!common!among!the!parasitoid!species!(Rabeling!
and!Kronauer!2013).!In!many!of!these!species,!the!parasitic!nature!of!their!life!
history!likely!explains!the!distribution!of!thelytoky!(Schneider!et!al.!2003),!as!it!
does!in!the!eusocial!Cape!honey!bee!(Goudie!et!al.!2012).!
We!suspect!that!research!into!eusocial!wasps!may!well!uncover!
examples!of!thelytoky,!just!as!examples!have!come!to!light!after!molecular!
natural!history!investigations!into!ants!and!bees.!Similarly!we!suggest!that!
many!more!thelytokous!bees!may!be!yet!be!discovered!among!the!species!that!
have!received!less!scientific!attention!than!the!honey!bees!A.%mellifera%and!A.%
cerana%(Holmes!et!al.!2015).!
Conclusion!!
Our!theoretical!analysis!has!identified!the!key!evolutionary!constraints!that!
limit!the!distribution!of!thelytoky!and!arrhenotoky!among!castes!in!the!eusocial!
Hymenoptera!in!general!and!ants!in!particular.!These!constraints!are!
summarised!by!our!four!Hypotheses!and!lead!to!clear!predictions,!particularly:!
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in!species!with!reproductive!workers,!thelytokous!queens!and!arrhenotokous!
workers!cannot!evolve!simultaneously.!
Our!survey!of!the!literature!provides!strong!support!for!our!theoretical!
predictions.!While!our!examples!are!by!no!means!a!complete!survey,!neither!
are!they!sparse.!Nonetheless!it!must!be!acknowledged!that!it!is!very!likely!there!
are!many!more!thelytokous!ant!species!yet!to!be!discovered,!and!more!research!
to!be!done!on!the!ones!that!are!currently!known.!Therefore,!we!welcome!the!
new!data!that!are!to!come,!and!hope!that!our!four!Hypotheses!will!provide!
valuable!avenues!for!future!research.!
CHAPTER!7!
! F.!GOUDIE!300
References!
Allsopp,!M.!H.,!M.!Beekman,!R.!S.!Gloag!and!B.!P.!Oldroyd!(2010)!Maternity!of!
replacement!queens!in!the!thelytokous!Cape!honey!bee!Apis%mellifera%
capensis.!Behavioral!Ecology!and!Sociobiology!64:!567h574!
Beekman,!M.,!M.!H.!Allsopp,!L.!A.!Jordan,!J.!Lim!and!B.!P.!Oldroyd!(2009)!A!
quantitative!study!of!worker!reproduction!in!queenright!colonies!of!the!
Cape!honey!bee,!Apis%mellifera%capensis.!Molecular!Ecology!18:!2722h2727!
Beekman,!M.!and!B.!P.!Oldroyd!(2008)!When!workers!disunite:!Intraspecific!
parasitism!in!eusocial!bees.!Annual!Review!of!Entomology!53:!19h37!
Burwell,!C.!J.,!A.!Nakamura!and!A.!N.!Andersen!(2010)!Records!of!the!tramp!
ant!Pyramica%membranifera!(Emery)!(Hymenoptera:!Formicidae:!
Myrmicinae)!from!Australia.!Australian!Entomologist!37:!7h10!
Cagniant,!H.!(2009)!Le!Genre!Cataglyphis!Förster,&1850&au&Maroc&(Hyménoptères&
Formicidae).!Orsis!24:!41h71!
Clemencet,!J.,!Q.!Rome,!P.!Federici!and!C.!Doums!(2008)!Aggressions!and!sizeh
related!fecundity!of!queenless!workers!in!the!ant!Cataglyphis%cursor.!
Naturwissenschaften!95:!133h139!
Cordaux,!R.,!D.!Bouchon!and!P.!Grève!(2011)!The!impact!of!endosymbionts!on!
the!evolution!of!host!sexhdetermination!mechanisms.!Trends!in!Genetics!
27:!332h341!
CASTE!CONFLICT!CONSTRAINS!THELYTOKY%!
EVOLUTIONARY!GENETICS!OF!THELYTOKY! 301!
Crewe,!R.!M.!and!M.!H.!Allsopp!(1994)!Sex!and!the!single!queen:!Recent!
experiments!with!capensis!and!scutellata!queens.!South!African!Bee!Journal!
66:!58h62!
Darwin,!C.!(1859)!The!Origin!of!Species.!London,!Murray!
Dietemann,!V.!and!C.!Peeters!(2000)!Queen!influence!on!the!shift!from!trophic!
to!reproductive!eggs!laid!by!workers!of!the!ponerine!ant%Pachycondyla%
apicalis.!Insectes!Sociaux!47:!223h228!
Dijkstra,!M.!B.,!D.!R.!Nash!and!J.!J.!Boomsma!(2005)!Selfhrestraint!and!sterility!in!
workers!of!Acromyrmex!and!Atta!leafcutter!ants.!Insectes!Sociaux!52:!67h
76!
Dobata,!S.,!T.!Sasaki,!H.!Mori,!E.!Hasegawa,!M.!Shimada!and!K.!Tsuji!(2011)!
Persistence!of!the!single!lineage!of!transmissible!Asocial!cancerA!in!an!
asexual!ant.!Molecular!Ecology!20:!441h455!
Engelstädter,!J.!(2008)!Constraints!on!the!evolution!of!asexual!reproduction.!
BioEssays!30:!1138h1150!
Eyer,!P.!A.,!L.!Leniaud,!H.!Darras!and!S.!Aron!(2013)!Hybridogenesis!through!
thelytokous!parthenogenesis!in!two!Cataglyphis!desert!ants.!Molecular!
Ecology!22:!947h955!
Foucaud,!J.,!A.!Estoup,!A.!Loiseau,!O.!Rey!and!J.!Orivel!(2010)!Thelytokous!
parthenogenesis,!male!clonality!and!genetic!caste!determination!in!the!
CHAPTER!7!
! F.!GOUDIE!302
little!fire!ant:!New!evidence!and!insights!from!the!lab.!Heredity!105:!205h
212!
Foucaud,!J.,!D.!Fournier,!J.!Orivel,!J.!H.!C.!Delabie,!A.!Loiseau,!J.!Le!Breton,!.!.!.!
A.!Estoup!(2007)!Sex!and!clonality!in!the!little!fire!ant.!Molecular!Biology!
and!Evolution!24:!2465h2473!
Fournier,!D.,!A.!Estoup,!J.!Orivel,!J.!Foucaud,!H.!Jourdan,!J.!Le!Breton!and!L.!
Keller!(2005)!Clonal!reproduction!by!males!and!females!in!the!little!fire!
ant.!Nature!435:!1230h1234!
Frumhoff,!P.!C.!and!P.!S.!Ward!(1992)!Individualhlevel!selection!colonyhlevel!
selection!and!the!association!between!polygyny!and!worker!
monomorphism!in!ants.!American!Naturalist!139:!559h590!
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CHAPTER 8 
GENERAL DISCUSSION  
Summary!
In!this!thesis!I!have!explored!the!genetic!and!evolutionary!consequences!of!
thelytoky,!in!the!eusocial!Hymenoptera!generally,!and!in!the!Cape!honey!bee!
(Apis%mellifera%capensis,!hereafter!Capensis)!in!particular.!My!major!findings!
were:!
1. Heterozygosity!is!maintained!in!the!Capensis!Clone!by!selection!against!
homozygous!recombinant!offspring!(Chapter!3)!
2. Multiple!overdominant!genes!maintain!heterozygosity!along!at!least!
two,!and!probably!all,!Clone!chromosomes!(Chapter!4)!
3. Worker!reproductive!potential!in!Capensis,!as!measured!by!ovariole!
number,!is!heritable!and!varies!significantly!between!patrilines!
(subfamilies!of!fullhsister!workers!sharing!a!father)!(Chapter!5)!
4. Capensis!workers,!from!both!the!clonal!and!sexual!populations,!produce!
haploid!male!offspring!as!well!as!diploid!female!offspring!(Chapter!6)!
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5. Selective!removal!of!homozygous!offspring!is!a!key!cost!to!asexual!
reproduction!in!Capensis!(Chapter!3)!
6. Within!the!Capensis!population!the!distribution!of!thelytoky!can!be!
accounted!for!by!the!varying!ability!of!different!castes!(workers!and!
queens),!and!lineages!(the!Clone)!to!endure!the!cost!of!thelytoky!
(Chapter!2)!
7. Across!the!eusocial!Hymenoptera!more!broadly,!caste!conflict!constrains!
the!distribution!of!thelytokous!reproduction!(Chapter!7)!
Major!conclusions!
My!thesis!has!explained!a!paradox.!In!Capensis!the!outcome!of!thelytokous!
reproduction!is!a!1/3!loss!of!heterozygosity!per!meiosis.!Thus,!in!a!thelytokous!
lineage,!loss!of!heterozygosity!is!expected!to!be!rapid!and!nonhreversible.!I!have!
shown!that!a!reduction!in!the!frequency!of!genetic!recombination!(unless!
absolute)!can!never!be!sufficient!to!maintain!heterozygosity!indefinitely!
(Chapter!4).!!
I!was!subsequently!able!to!resolve!the!paradox!by!showing!that!it!is!
selection!against!homozygous!recombinant!offspring!that!maintains!
heterozygosity!during!thelytoky!(Chapter!4).!I!also!showed!that!selection!also!
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accounts!for!the!patterns!of!zygosity!that!are!observed!along!the!chromosomes!
of!the!Clone!(Chapter!5)!and!that!it!is!the!balance!between!loss!of!
heterozygosity!via!recombination!and!loss!of!homozygosity!via!selection!that!
maintains!heterozygosity!at!intermediate!levels!in!the!Clone!(Chapters!4!and!5).!!
This!new!understanding!of!the!interaction!between!thelytoky!and!
selection!can!be!used!to!clarify!the!evolutionary!constraints!that!dictate!the!
distribution!of!thelytoky!among!castes!(Chapter!2).!Castes!differ!in!their!ability!
to!endure!the!costs!of!thelytoky!and!to!exploit!its!potential!benefits!(Chapter!2).!
For!example,!the!Capensis!Clone!is!uniquely!suited!to!enduring!the!selective!
removal!of!large!number!of!homozygous!offspring!under!thelytoky,!as!its!
parasitic!life!history!is!characterised!by!high!rates!of!reproduction,!low!
maternal!investment!and!intrinsically!high!rates!of!offspring!mortality.!
Furthermore,!the!Clone!is!well!placed!to!capture!the!benefits!of!thelytoky,!as!
thelytoky!enables!it!to!exploit!a!niche!that!would!not!otherwise!be!available:!
reproductive!parasitism.!!
In!Chapter!7!I!generalised!the!insights!I!have!obtained!from!Capensis!to!
explain!the!distribution!of!thelytokous!reproduction!across!taxa!of!eusocial!
Hymenoptera!by!considering!the!interaction!of!conflicting!castes,!given!the!
costs!and!benefits!of!thelytoky!previously!established!(Chapter!7).!
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Suggestions!for!further!work!
As!we!discover!more!examples!of!thelytokous!eusocial!Hymenoptera,!and!learn!
more!about!the!thelytokous!species!that!are!already!known,!there!is!potential!to!
shed!light!on!a!range!of!genetic!and!evolutionary!questions.!Below!I!outline!
what!I!regard!as!being!the!most!promising!lines!of!enquiry!in!the!thelytokous!
Hymenoptera.!I!focus!on!Capensis,!but!emphasise!that!enhanced!
understanding!of!thelytoky!in!Capensis!can!serve!as!a!template!with!which!to!
approach!other!thelytokous!eusocial!Hymenoptera.!!
Cytology!of!thelytoky!in!Capensis!
Verma!and!Ruttner!(1983)!undertook!the!only!published!investigation!into!the!
cytology!of!thelytoky!in!Capensis.!They!reported!that!in!unfertilised!eggs!of!
Capensis!workers,!diploidy!and!the!female!sex!is!restored!by!automictic!
thelytoky!with!central!fusion!(see!Chapter!2).!Their!conclusion!has!generally!
been!supported!by!subsequent!genetic!evidence!(Baudry!et!al.!2004,!Oldroyd!et!
al.!2008,!Goudie!et!al.!2013).!However,!there!remain!various!anomalies!that!
could!potentially!be!cleared!up!by!a!more!inhdepth!and!modern!cytological!
assessment!of!thelytoky!in!Capensis.!In!particular,!there!is!evidence!of!reduced!
crossing!over!(Baudry!et!al.!2004,!Goudie!et!al.!2012),!occasional!biases!towards!
alleles!derived!from!the!ancestrally!maternal!lineage!in!thelytokous!offspring!
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(Holmes!et!al.!2010),!variation!in!levels!of!recombination!between!individuals!
(Goudie!et!al.!2012),!and!the!potential!production!of!a!proportion!of!offspring!
by!ameiotic!thelytoky!(Goudie!et!al.!2012).!!
It!is!unclear!exactly!how!many!eggs!were!analysed!by!Verma!and!
Ruttner!(1983),!but!the!number!was!presumably!small.!It!is!entirely!possible!
that!much!of!the!data!reported!by!Verma!and!Ruttner!(1983)!came!from!the!
photos!of!a!single!egg.!Further!cytological!analysis!would!provide!a!more!
complete!understanding!of!the!mechanisms!by!which!thelytoky!takes!place!in!
Capensis.!!
Forms!of!fusion!
Cytological!analysis!should!be!used!to!confirm!the!form!of!fusion!that!occurs!in!
eggs,!and!in!particular,!whether!there!are!any!deviations!from!the!expectation!
of!central!fusion.!This!analysis!should!be!carried!out!using!a!single!egg!from!a!
minimum!of!100!Clones!and!100!Capensis!workers!from!the!sexual!population.!
Replication!is!essential!to!capture!any!rare!meiotic!events!that!may!nonetheless!
have!significant!implications!at!the!population!level!(e.g.!the!production!of!
haploid!male!offspring!via!either!arrhenotokous!parthenogenesis!or!a!currently!
unknown!error!in!thelytokous!parthenogenesis).!!
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Eggs!should!be!collected!immediately!after!being!laid!and!incubated!for!
0h2!hours.!This!should!capture!the!period!in!which!the!pronuclei!align!and!fuse.!
Pronuclei!can!be!visualised!by!nuclear!staining!as!described!in!Oxley!et!al.!
(2014).!Briefly,!eggs!are!fixed!using!a!solution!of!paraformaldehyde!
supplemented!with!dimethyl!sulfoxide!and!nhheptane,!before!being!washed!
with!methanol!and!a!fine!brush!to!remove!remaining!chorion!and!vitelline!
membranes.!Embryos!are!then!hydrated!in!phosphatehbuffered!saline!and!
stained!with!4’6hdiamidinoh2hphenylindole!before!images!are!acquired!using!a!
confocal!microscope.!!
Microscopy!images!should!be!used!to!identify!the!form!of!pronuclei!
fusion!that!occurs!in!Capensis!and!the!Clone:!central,!terminal,!or!random.!I!
fully!expect!that!central!fusion!will!be!observed!in!at!least!the!majority!of!eggs.!
However,!by!analysing!a!large!number!of!eggs,!researchers!should!be!able!to!
determine!whether!central!fusion!is!occurs!exclusively,!and!the!frequency!and!
consequences!of!other!kinds!of!fusion.!In!particular,!it!will!be!interesting!to!see!
if!deviations!from!typical!central!fusion!can!give!rise!to!the!abnormal!
arrhenotokous!reproduction!that!is!observed!at!high!frequency!in!the!Clone!and!
lower!frequency!in!Capensis!workers!from!the!sexual!population!(Chapter!6).!!
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Chiasmata!
Recombination!events!are!normally!associated!with!the!formation!of!chiasmata!
(de!Boer!et!al.!2009).!Direct!counts!of!chiasmata!frequency!in!the!nucleus!of!
developing!eggs!(Lawrie!et!al.!1995,!Brito!and!Oldroyd!2010)!could!address!a!
major!question!in!Capensis!biology!–!the!frequency!of!recombination!during!
egg!meiosis.!As!shown!in!Chapter!3,!heterozygosity!is!remarkably!high!in!the!
Clone,!a!phenomenon!that!has!previously!been!attributed!to!a!reduced!
recombination!frequency!(Moritz!and!Haberl!1994,!Baudry!et!al.!2004,!
Neumann!et!al.!2010).!However,!I!have!shown!(Chapter!3)!that!homozygous!
recombinant!offspring!are!generated!at!high!frequency,!but!are!then!removed!
from!the!population!by!their!low!survival.!Nonetheless,!it!is!still!possible!that!
recombination!frequency!is!reduced!in!Capensis!and!the!Clone!relative!to!
normal!honey!bees,!and!that!reduced!recombination!acts!in!concert!with!
selection!to!retain!heterozygosity!in!the!Clone!population.!Thus!direct!
examination!of!chiasmata!formation!during!thelytokous!meiosis!would!allow!
assessment!of!the!relative!role!of!reduced!recombination!and!selection!to!the!
maintenance!of!heterozygosity.!!
Metaphase!preparations!of!eggs!will!be!needed!for!the!observation!of!
chiasmata.!These!will!be!obtained!according!the!protocol!outlined!Brito!and!
Oldroyd!(2010).!Prehpartum!eggs!should!be!collected!from!each!of!30!Clone!and!
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30!Capensis!workers!from!the!sexual!population,!as!well!as!20!sexuallyh!
reproducing!Capensis!queens!and!20!virgin!Capensis!queens!induced!to!start!
laying!thelytokously!by!double!narcosis!with!CO2.!Eggs!should!be!incubated!in!
a!hypotonic!colchicine!solution!for!40!minutes!to!arrest!egg!nuclei!in!metaphase!
I.!Eggs!should!then!be!saturated!with!three!successive!fixative!solutions!before!
being!stained!with!Giemsa!solution!and!examined!under!a!light!microscope.!
With!luck,!chiasmata!should!be!visible!and!countable!in!some!cells.!If!so,!a!
direct!comparison!between!the!frequency!of!recombination!during!thelytoky!
and!during!sexual!reproduction!would!be!possible.!!
In!my!view!this!is!the!only!way!to!unambiguously!sort!out!the!relative!
importance!of!selection!and!reduced!recombination!in!the!maintenance!of!
heterozygosity!in!the!Clone.!If!the!frequency!of!recombination!is!inferred!from!
genetic!analysis!of!progeny!and!measured!as!the!loss!of!heterozygosity!
(Chapter!3),!there!is!always!the!danger!that!selection!has!acted!prior!to!embryo!
formation,!and!is!interpreted!as!a!reduction!in!the!expected!1/3!loss!of!
heterozygosity.!
Maternal!biases!!
Another!issue!that!can!be!addressed!using!cytogenetics!is!the!prima%face!
existence!of!bias!towards!the!inheritance!of!maternal!alleles!during!thelytoky.!
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Holmes!et!al.!(2010)!found!that!when!alleles!are!lost!during!transitions!from!
heterozygosity!to!homozygosity!during!a!thelytokous!meiosis!there!is!a!massive!
bias!towards!maintenance!of!the!grandmaternal!allele!(Figure!1).!This!suggests!
that!there!is!some!mechanism!by!which!queenhderived!alleles!are!preferentially!
preserved!during!thelytokous!reproduction!by!her!worker!offspring.!Most!
commonly,!it!is!the!worker’s!paternal!allele!that!is!lost!whenever!there!is!a!
transition!to!homozygosity.!In!certain!ant!species!we!see!what!could!be!
considered!a!more!extreme!version!of!sexhspecific!parental!biases!in!inheritance:!
Androgenesis!via!the!elimination!of!the!maternal!genome!from!the!fertilised!
egg!(Fournier!et!al.!2005,!Foucaud!et!al.!2010).!
Maternal!biases!in!thelytoky!should!be!examined!using!a!range!of!
complimentary!techniques.!The!chromosomal!regions!affected!by!maternal!
biases!could!be!identified!by!comparing!chromosome!walks!(see!Chapter!4!for!
methodology)!performed!on!thelytokouslyhproduced!individuals!and!to!those!
performed!on!their!sexually!reproducing!grandparents!(Figure!1).!This!will!
allow!the!quantification!of!the!degree!to!which!maternal!biases!affect!the!
genetic!outcomes!of!thelytoky,!whether!they!are!common!and!widespread,!or!
rare!and!isolated.!It!could!be!determined!whether!maternal!biases!are!affecting!
entire!chromosomes,!chromosomal!segments,!or!individual!linkage!groups.!If!
maternal!biases!are!operating!on!the!level!of!individual!linkage!groups,!it!
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Figure!1! Maternal!biases!in!inheritance!during!thelytoky.!A!queen!with!the!
genotype!AB,!mated!to!a!drone!with!the!genotype!C!will!produce!worker!offspring!
with!the!genotypes!AC!and!BC.!When!these!workers!reproduce!thelytokously,!their!
nonhrecombination!offspring!will!inherit!the!maternal!genotypes!AC!and!BC,!
maintaining!heterozygosity.!However,!when!recombination!occurs,!heterozygosity!can!
be!lost!in!the!thelytokous!offspring,!resulting!in!homozygosity!for!one!of!the!three!
grandparental!alleles!(A,!B!and!C).!!
In!the!absence!of!parental!bias,!the!frequency!of!homozygosity!at!the!
grandpaternal!allele!C!will!be!equal!to!the!combined!frequency!of!homozygosity!at!the!
grandmaternal!alleles!A!and!B.!Observation!of!significantly!higher!frequency!of!
homozygosity!at!grandmaternal!alleles!compared!to!grandpaternal!alleles!suggests!a!
mechanism!by!which!alleles!from!the!maternal!lineage!are!favoured!over!alleles!from!
the!paternal!lineage!during!loss!of!heterozygosity.!!
C"A" B"
A" C" B" C"
Non(recombinant"
Recombinant"
A" C"
A" A" C" C">>"
B" C"
B" B"C" C" <<"
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would!suggest!that!specific!genes!are!driving!the!phenomenon;!these!genes!
could!subsequently!be!identified!with!more!detailed!genomic!analysis.!
However,!if!maternal!biases!affect!entire!chromosome!or!large!segments!of!
chromosomes,!it!would!suggest!a!more!fundamental,!mechanistic!explication!
for!the!phenomenon,!one!that!would!be!conducive!to!analysis!with!cytological!
techniques.!!
! The!cytological!analyses!outlined!above!may!provide!insights!into!the!
curious!phenomenon!of!maternal!biases!during!thelytoky.!For!example,!
terminal!fusion!of!pronuclei!that!contain!chromosomes!or!chromosomal!
sections!from!the!maternal!grandparent!(Figure!1)!might!reveal!how!
grandmaternal!chromosomes!have!an!advantage!over!grandpaternal!
chromosomes.!
Where!are!the!overdominant!genes?!
In!Chapter!3!I!demonstrated!that!heterozygosity!is!maintained!in!the!Clone!as!a!
result!of!selection!against!homozygous!recombinant!offspring!at!each!
generation.!In!Chapter!4!I!explored!the!consequences!of!this!selection,!utilising!
the!patterns!of!zygosity!along!chromosomes!to!locate!regions!of!the!Clone!
genome!that!contain!genes!with!strong!overdominance!(i.e.!where!
heterozygotes!are!more!fit!than!homozygotes).!
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Key!to!this!work!is!the!assumption!that!the!neutral!markers!I!studied!are!
in!physical!linkage!with!overdominant!genes.!However,!with!the!exception!of!
the!complementary!sexhdetermining!locus!(csd)!(a!locus!that!must!be!
heterozygous!to!produce!a!viable!female!diploid!offspring),!the!actual!genes!
that!maintain!heterozygosity!remain!mysterious.!Identifying!these!
overdominant!genes!would!help!answer!questions!of!broad!evolutionary!
interest.!The!evolutionary!significance!of!overdominance!remains!a!subject!of!
some!controversy!(David!et!al.!1995,!Chapman!et!al.!2009!,!Szulkin!et!al.!2010!
and!Chapter!four),!and!Capensis!has!the!potential!to!finally!resolve!the!role!of!
overdominance!in!the!strong!correlation!between!fitness!and!heterozygosity!
that!is!consistently!observed!across!taxa!(Britten!1996,!Chapman!et!al.!2009).!The!
direct!identification!of!overdominant!genes!in!Capensis!would!provide!
evidence!that!overdominance!is!relatively!frequent!and!biologically!significant,!
thus!supporting!the!assertion!direct!selection!for!heterozygosity!at!loci!related!
to!fitness!can!make!a!significant!contribution!to!genomehwide!associations!
between!heterozygosity!and!fitness.!
Whole!genome!sequencing!of!Clone!workers!from!each!of!the!Clone!
sublineages!could!identify!those!genes!that!are!always!heterozygous!across!the!
Clone!population.!Overdominance!at!a!gene!can!maintain!heterozygosity!at!
linked!neutral!markers!(Chapter!4).!However,!over!time!recombination!events!
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will!result!in!breakdowns!in!linkage!between!overdominant!genes!and!neutral!
markers,!allowing!heterozygosity!to!be!lost!in!neutral!markers,!while!it!is!
maintained!at!overdominant!genes!by!selection.!Across!genetically!divergent!
sublineages,!overdominant!genes!will!show!consistent!heterozygosity,!while!
heterozygosity!at!neutral!markers!will!vary!from!sublineage!to!sublineage,!
depending!on!their!individual!history!of!recombination.!Following!the!
identification!of!overdominant!genes,!the!annotated!honey!bee!genome!could!
be!used!to!identify!overdominant!genes!and!determine!their!function.!
I!predict!that!genes!that!are!associated!with!immune!functions,!as!well!as!
genes!that!are!expressed!specifically!in!the!female!phenotype,!will!be!overh
represented!among!overdominant!genes.!Heterozygosity!in!genes!related!to!
immune!functions!can!increase!the!variation!in!immune!responses!available!to!
an!organism,!as!each!allele!at!an!overdominant!locus!can!have!different!
immune!specificities.!In!the!haplodiploid!honey!bee,!overdominance!can!only!
occur!in!diploid!females.!Thus!the!interaction!of!different!alleles!at!
overdominant!loci!is!one!means!by!which!female!specific!traits!can!evolve,!
independent!of!selection!in!males.!
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Methylation,!genomic!imprinting!and!thelytoky!
Methylation!of!cytosinehguanine!dinucleotides!(CpG)!can!alter!the!expression!of!
a!gene!or!cause!alternate!splicing!of!a!gene!(Klose!and!Bird!2006).!Unlike!
Drosophila,!the!honey!bee!has!an!active!methylation!system!(Wang!et!al.!2006,!
Schaefer!and!Lyko!2007),!with!approximately!one!third!of!annotated!genes!
likely!to!be!methylated!(Foret!et!al.!2009).!In!the!honey!bee!methylation!is!
strongly!associated!with!‘househkeeping’!genes!involved!in!essential!cell!
maintenance!and!metabolic!functions!(Wang!and!Leung!2008),!suggesting!that!
in!honey!bees!methylation!acts!as!a!critical!mechanism!for!modulating!gene!
dosage!h!particularly!important!in!a!haplodiploid.!!
Methylation!requires!a!conserved!family!of!enzymes,!the!DNA!
methyltransferases!(DNMTs).!Of!all!insects!studied,!it!is!only!the!social!insects!
that!possess!a!full!complement!of!DNMTs!and!exhibit!CpG!methylation!
(Schaefer!and!Lyko!2007).!Key!to!the!process!of!methylation!are!the!enzymes!
DNMT3!and!DNMT1.!DNMT3!causes!de%novo%methylation,!the!addition!of!a!
methyl!group!to!a!target!cytosine,!while!DMN1!maintains!methylated!
nucleotides!during!DNA!replication!(Goll!and!Bestor!2005).!!
Methylation!in!honey!bees!is!crucial!to!the!caste!determination!system!
(Kucharski!et!al.!2008,!Drewell!et!al.!2012).!Knockhdown!of!dmnt3!in!young!
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honey!bee!larvae!results!in!queen!development!(Kucharski!et!al.!2008).!Lyko!et!
al.!(2010)!found!over!550!genes!showing!significant!methylation!differences!
between!queens!and!workers.!Furthermore,!a!strong!correlation!between!
methylation!patterns!and!splice!sites!suggests!that!methylation!in!the!honey!bee!
pays!a!role!in!modulating!alternative!splicing!of!gene!transcripts!between!
workers!and!queens!(Kucharski!et!al.!2008).!
Imprinting!
In!mammals,!methylation!is!occasionally!limited!to!the!allele!inherited!from!a!
parent!of!a!particular!sex.!Such!differential!methylation!is!referred!to!as!
parental!‘imprinting’!of!the!gene!(Brandeis!et!al.!1993,!Tada!et!al.!1998).!If,!for!
example,!a!gene!is!paternally!imprinted,!the!paternally!inherited!allele!is!
methylated!and!may!be!‘switched!off’,!and!only!the!maternally!inherited!allele!
is!expressed.!Thus!far,!imprinting!has!not!been!documented!in!Hymenoptera.!
However,!lower!than!expected!C/G!ratios!in!the!honey!bee!genome!are!
compatible!with!germline!methylation!(Elango!et!al.!2009,!Hunt!et!al.!2010),!
which!is!necessary!for!imprinting.!Furthermore,!highly!significant!parental!
effects!have!been!observed!in!the!expression!of!ovariole!number!in!crosses!
between!Capensis!and!the!nonhthelytokous!A.%m.%scutellata%(hereafter!Scutellata)!
(Oldroyd!et!al.!2014).!Thus,!in!Capensis!both!the!mechanism!required!for!
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imprinting!and!evidence!for!its!effects!are!well!supported,!suggesting!the!very!
strong!possibility!that!imprinting!occurs!in!honey!bees!(Drewell!et!al.!2012).!
Derwell!et!al.!(2014)!examined!the!whole!genome!methylation!profiles!of!
unfertilised!eggs,!the!adult!drones!that!develop!from!those!eggs,!and!the!sperm!
of!those!drones.!A!dynamic!cycle!of!methylation!was!observed!throughout!the!
development!of!the!drone.!Hemizygous!drones!inherit!their!entire!genome!
from!their!mother!(Figure!2).!Therefore,!any!imprinting!in!a!drone!is!
maternallyhderived.!However,!a!reduction!in!the!level!of!methylation!in!adult!
drones,!relative!to!eggs!(Drewell!et!al.!2014)!indicates!that!a!loss!of!methylation!
subsequently!occurs!during!development.!Levels!of!methylation!increase!again!
in!sperm,!indicating!a!gain!of!methylation!during!spermatogenesis,!which!is!the!
point!at!which!at!paternal!imprinting!pattern!would!be!laid!down!if!paternal!
imprinting!indeed!occurs.!!
Maternallyh!and!paternallyhimprinted!genes!should!have!differential!
methylation!in!sperm!and!eggs!(Figure!2),!and!indeed,!Drewell!et!al.!(2014)!
report!a!set!of!61!genes!in!which!there!was!an!increase!in!methylation!in!sperm!
relative!to!eggs,!suggesting!that!these!genes!may!be!sites!of!paternal!imprinting.!!
Differential!methylation!between!eggs!and!sperm!further!supports!of!
possibility!that!imprinting!may!occur!in!honey!bees.!However,!fluxes!in!
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methylation!occur!as!embryos!develop!(Li!et!al.!2010)!and!this!additional!
variable!limits!conclusions!that!can!be!drawn!from!comparisons!between!eggs!
and!sperm.!Changes!in!methylation!patterns!as!embryos!develop!means!that!on!
average!eggs!will!be!more!methylated!than!sperm,!whose!methylation!pattern!
is!static!(Drewell!et!al!2014).!Therefore!Drewell’s!study!is!inconclusive!with!
respect!to!maternal!imprinting,!but!strongly!supports!paternal!imprinting.!
There!is!clearly!need!for!further!experimentation!in!order!to!more!
confidently!determine!whether!or!not!imprinting!occurs!in!honey!bees.!Gregg!et!
al.!(2010)!provide!a!method!in!which!in!which!the!methylation!state!of!parenth
specific!alleles!can!be!determined.!This!method!is!readily!transferable!to!honey!
bees.!Queens!would!be!artificially!inseminated!with!the!sperm!of!a!single!
drone.!In!half!of!the!replicates!a!Capensis!queen!would!be!inseminated!by!a!
Scutellata!drone,!and!in!the!other!half!a!Scutellata!queen!would!be!inseminated!
by!a!Capensis!drone!(Oldroyd!et!al!2014).!Queens,!drones!and!their!subsequent!
sexual!offspring!would!then!be!examined!at!the!61!candidate!genes!of!paternal!
imprinting!identified!by!Drewell!et!al.!(2014).!Queens!and!drones!would!first!be!
sequenced!or!SNP!genotyped!at!each!candidate!gene!to!determine!which!genes!
carried!parenthspecific!markers.!The!probability!of!candidate!genes!being!
informative!is!increased!by!the!use!of!queens!and!drones!from!different!
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Figure!2! A!queen!(i)!will!be!hemihmethylated!at!the!locus!A,!which!is!maternally!
imprinted!(M),!and!the!locus!B,!which!is!paternally!imprinted!(P).!(Here!the!imprinted!
methylated!allele!is!indicated!in!red).!In!contrast,!a!haploid!drone!(ii),!produced!from!an!
unfertilised!egg!and!so!inheriting!all!alleles!from!their!mother,!will!be!methylated!at!the!
maternally!imprinted!AM!and!unmethylated!at!the!paternally!imprinted!BP.!!
When!methylation!state!is!reset!during!gametogenesis,!all!AM!alleles!become!
methylated!in!the!gametes!of!the!queen,!taking!on!the!maternal!methylation!pattern,!and!
all!BP!alleles!become!unmethylated,!regardless!of!their!state!in!her!somatic!tissue.!In!the!
gametes!of!the!drone!this!pattern!is!reversed:!BP!will!be!methylated!in!the!gametes,!taking!
on!a!paternal!pattern!of!methylation,!while!AM!will!be!unmethylated.!!
In!sexuallyhproduced!offspring!(iii)!an!allele!that!was!unmethylated!in!the!parent,!
for!example!AM2,!may!become!methylated,!while!an!allele!that!was!methylated!in!the!
parent,!AM1,!may!become!demethylated.!In!this!way!the!imprinted!locus!remains!
hemimethylated,!but!in!association!between!parenthofhorigin!and!methylation!state!breaks!
down.!!
If!this!sexuallyhproduced!offspring!goes!on!to!reproduce!thelytokously,!we!can!
consider!the!outcomes!of!two!possible!scenarios:!
If!methylation!state!is!reset!during!gametogenesis,!it!will!result!in!all!gametes!being!
methylated!at!the!maternally!imprinted!locus!AM!and!unmethylated!at!the!paternally!
imprinted!locus!BP,!regardless!of!the!alleles!carried!in!the!gametes.!The!resultant!offspring!
(iv)!will!thus!carry!two!methylated!alleles!at!the!AM!locus,!and!no!methylated!alleles!at!the!
BP!locus.!!
In!contrast,!if!imprinting!during!gametogenesis!is!suppressed!and!the!ancestral!
pattern!of!methylation!is!maintained,!ancestrally!imprinted!alleles!will!segregate!in!an!
identical!manor!to!genetic!alleles,!such!that!AM2!and!BP3!remain!methylated,!while!AM3!and!
BP1!remain!unmethylated.!At!an!ancestrally!imprinted!locus!which!is!unlinked!to!its!
centromere!and!free!to!recombine,!central!fusion!will!result!in!a!2/3!chance!of!offspring!(v)!
maintaining!hemimethylation,!while!there!will!be!a!1/3!chance!of!offspring!losing!
hemimethylation!and!inheriting!two!methylated!or!two!unmethylated!alleles!(see!Table!1).!!
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subspecies.!The!methylation!state!of!alleles!across!each!pedigree!would!then!be!
established.!!
If!a!gene!is!paternally!imprinted!(B!in!Figure!2),!an!association!between!
parenthofhorigin!and!methylation!state!should!be!apparent.!A!consistent!
association!at!genes!already!identified!as!candidates!for!paternal!imprinting,!
would!provide!very!strong!evidence!of!imprinting!in!the!honey!bee.!Finally,!
RNA!seq!should!be!used!to!determine!if!the!expression!of!the!paternal!or!
maternal!allele!is!altered!by!its!methylation!pattern!and!putative!imprinting!
(Gregg!et!al.!2010).!
Imprinting!and!thelytoky!
If!imprinting!or!even!just!sexhspecific!methylation!does!indeed!occur!in!honey!
bees!(Elango!et!al.!2009),!what!are!the!implications!for!thelytokous!
parthenogenesis!and!the!maintenance!of!clonal!lineages?!To!maintain!sexh
specific!methylation!during!sexual!reproduction!methylation!must!be!reset!
during!embryogenesis,!such!that!maternally!inherited!alleles!carry!the!maternal!
pattern!of!imprinting,!and!paternally!inherited!alleles!carry!the!paternal!pattern!
of!imprinting.!However,!a!thelytokouslyhproduced!offspring!inherits!all!of!her!
alleles!from!her!mother,!and!so!under!the!standard!model!of!imprinting!she!
would!receive!a!double!dose!of!methylation!at!maternally!imprinted!alleles,!
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and!no!methylation!at!paternally!imprinted!alleles!(Figure!2).!What!impact!
would!this!have!on!the!offspring?!In!insects,!unlike!mammals,!methylation!is!
likely!to!upregulate!the!expression!of!a!gene!(Foret!et!al.!2009).!Thus,!in!a!
thelytokouslyhproduced!offspring!with!an!entirely!maternallyhimprinted!
genome,!maternally!imprinted!genes!may!be!overexpressed,!while!paternally!
imprinted!genes!may!be!underexpressed.!!
I!propose!that!for!gene!dosage!to!be!maintained!in!thelytokous!offspring,!
the!mechanisms!that!reset!methylation!at!imprinted!loci!must!be!inactive!
during!thelytokous!parthenogenesis,!such!that!that!the!ancestral!methylation!
pattern!is!maintained!(i.e.!the!pattern!carried!in!the!somatic!cells!of!the!sexually!
produced!founder!of!the!lineage)!(Figure!2).!Under!this!scenario,!imprinted!loci!
would!maintain!methylation!marks!on!only!one!allele!(the!ancestrally!paternal!
allele!for!paternallyhimprinted!genes,!and!the!ancestrallyhmaternal!allele!at!
maternally!imprinted!genes).!!
If!only!one!allele!can!be!imprinted!in!a!thelytokous!lineage,!imprinted!
genes!become!effectively!overdominant.!Loss!of!heterozygosity!due!to!crossing!
over!results!in!one!of!two!outcomes,!both!of!which!are!likely!to!produce!
reduced!viability.!At!loci!where!two!copies!of!the!unmethylated!gene!are!
inherited!we!expect!reduced!gene!expression.!At!loci!where!two!copies!of!the!
methylated!gene!are!inherited!we!expect!overhexpression!or!inappropriate!
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splicing!(Table!1).!I!therefore!propose!that!imprinting!may!act!as!a!strong!
selective!force!in!thelytokous!lineages,!helping!to!retain!heterozygosity!loci!that!
are!imprinted.!
To!investigate!how!appropriate!gene!dosage!is!retained!following!
thelytokous!meiosis!it!would!be!useful!to!examine!the!whole!genome!
methylation!pattern!in!queenhlaid!eggs!(sexually!produced)!and!thelytokous!
eggs!from!her!daughters!(asexually!produced)!(Figure!2).!If!the!bihparental!
methylation!pattern!were!maintained!in!thelytokous!offspring,!then!this!would!
indicate!that!the!resetting!of!sex!specific!patterns!of!methylation!during!
gametogenesis!does!not!occur!under!thelytoky,!and!so!the!ancestral!pattern!of!
methylation!(in!this!case!that!of!the!sexually!produced!mother)!is!retained!
permanently.!If,!on!the!other!hand,!the!pattern!in!thelytokous!eggs!differs!
strongly!from!sexuallyhproduced!eggs,!it!would!indicate!that!imprinting!is!
occurring!during!gametogenesis,!resulting!in!the!production!of!offspring!that!
carry!two!methylated!alleles!at!all!maternally!imprinted!loci,!and!no!methylated!
alleles!at!paternally!imprinted!loci.!!
During!thelytokous!parthenogenesis,!any!heterozygous!locus!that!is!free!
to!recombine!has!a!1/3!chance!of!heterozygosity!being!lost!in!offspring.!In!the!
Clone,!this!principle!could!also!be!applied!to!methylation!states!at!imprinted!
loci.!However,!when!we’re!considering!loci!at!which!one!allele!is!imprinted!and!
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Table!1! The!genotype!and!methylation!state!of!thelytokouslyhproduced!offspring!at!
maternally!imprinted!(AM)!and!paternally!imprinted!(BP)!loci!following!central!fusion.!
Methylated!alleles!are!shown!in!red!and!unmethylated!alleles!in!black.!!
Here!we!are!considering!the!outcome!of!central!fusion!at!loci!that!are!unlinked!to!
their!centromeres!(see!Chapter!2)!and!are!independently!assorting.!If!A!or!B!were!linked!to!
their!respective!centromere,!the!frequency!at!which!loss!of!hemimethylation!(fusion!of!
pronuclei!carrying!the!alleles!with!the!same!methylation!state)!occurs!would!be!reduced.!!
Imprinting!and!the!removal!of!epigenetic!marks!during!thelytokous!gametogenesis!
(Figure!2)!breaks!down!the!association!between!parenthofhorigin!and!methylation!state,!so!
that!all!alleles!at!maternally!imprinted!loci!will!be!methylated,!and!all!alleles!at!paternally!
imprinted!loci!will!be!unmethylated.!Thus,!central!fusion!will!result!in!methylation!at!both!
maternally!imprinted!loci,!and!no!methylation!at!paternally!imprinted!loci.!
Maintenance!of!ancestral!imprinting!during!thelytokous!gametogenesis!(Figure!2),!
maintains! the! association! between! alleles! and! methylation! state,! so! that! imprinted! loci!
segregate! like! any! heterozygous! locus! would.! Thus,! after! central! fusion,! there! is! a! 2/3!
chance!of!hemimethylation!being!maintained!at!AM!and!at!BP.!
!
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one!is!not,!rather!than!loss!of!heterozygosity,!we!would!observe!loss!of!
hemimethylation!(Table!1).!If!imprinting!occurs!during!thelytokous!
parthenogenesis,!recombination!will!have!no!impact!on!the!expected!outcome,!
because!hemimethylation!will!be!lost!regardless!of!which!pronuclei!fuse.!
However,!if!ancestral!methylation!is!maintained!during!thelytoky,!1/3!of!loci!
that!are!free!to!recombine!are!predicted!to!undergo!a!loss!of!hemimethylation.!!
It!should!be!possible!to!distinguish!between!the!two!hypotheses!for!the!
nature!of!imprinting!during!thelytoky.!Maintenance!of!ancestral!methylation!
pattern!during!thelytoky!would!result!in!loss!of!hemimethylation!at!a!maximal!
rate!of!1/3,!while!imprinting!during!thelytokous!gametogenesis!would!result!in!
complete!loss!of!hemimethylation!(Table!1).!!
If!the!maintenance!of!ancestral!patterns!of!methylation!during!thelytoky!
generates!alleles!that!are!permanently!methylated!over!successive!generations!
of!thelytoky,!there!will!be!regions!of!the!Clone!genome!that!are!both!
heterozygous!and!hemimethylated.!Such!loci!could!potentially!be!identified!by!
wholehgenome!sequencing!of!bisulfitehconverted!DNA!of!3h4!sublineages!of!the!
Clone.!Clone!methylomes!could!then!be!aligned!with!the!whole!genome!
sequences!generated!above.!I!predict!that!there!will!be!at!least!some!association!
between!heterozygosity!at!the!level!of!sequence!and!the!pattern!of!methylation.!
Such!an!association!would!suggest!that!ancestral!imprinting!could!cause!
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effective!overdominance!during!thelytoky,!and!could!contribute!to!the!
maintenance!of!heterozygosity!in!the!Clone.!!
The!Clone,!and!the!largely!sexual!Capensis!population,!provides!an!ideal!
system!in!which!to!investigate!the!fitness!effects!of!imprinted!loci.!For!
hemimethylation!to!be!maintained!at!a!given!level!over!the!evolutionary!history!
of!the!Clone,!a!quantifiable!level!of!selection!against!recombinant!offspring!in!
which!hemimethylation!has!been!lost!must!occur!(Chapter!3).!The!direct!effect!
of!loss!of!hemimethylation!at!imprinted!loci!could!be!investigated!using!the!
thelytokous!offspring!of!sexually!produced!Capensis!workers.!For!imprinted!
genes!unlinked!to!their!centromere,!a!proportion!of!these!offspring!will!have!
undergone!recombination!and!loss!of!hemimethylation.!Thus,!these!cohorts!of!
offspring!(methylated!at!one,!both!or!no!alleles!at!imprinted!genes)!can!be!
utilised!to!directly!quantify!the!fitness!effect!of!loss!of!hemimethylation!at!these!
imprinted!loci,!and!have!the!potential!to!reveal!the!precise!phenotypic!effects!of!
imprinting!and!loss!of!the!hemimethylated!imprinting!pattern.!These!
investigations!would!be!greatly!aided!by!the!identification!of!imprinted!genes!
with!informative!alleles!(i.e.!one!allele!of!the!gene!is!methylated!while!the!other!
is!not).!These!genes!could!subsequently!be!used!to!investigate!methylation!
using!genetic!techniques.!For!example,!homozygosity!for!the!allele!known!to!be!
methylated!could!be!used!to!infer!loss!of!hemimethylation.!!
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Why!thelytoky?!!
In!this!thesis!I!have!explored!the!distribution!of!thelytokous!reproductive!
systems!in!eusocial!hymenoptera.!I!have!shown!that!conflict!between!castes!can!
constrain!the!forms!of!parthenogenesis!expressed!in!a!eusocial!colony!(Chapter!
7).!Furthermore,!the!costs!and!benefits!of!sex!and!asexuality!are!conditional,!
varying!between!castes!and!lineages!within!a!population!(Chapters!2!and!3).!
The!next!steps!in!this!work!should!explore!why!some!honey!bee!populations!
are!thelytokous,!while!most!are!not.!This!approach!can!subsequently!be!
extended!to!the!ants,!both!within!species!in!which!some!populations!are!
thelytokous!while!other!are!arrhenotokous,!and!across!ant!taxa!more!broadly!
(just!as!I!have!done!in!Chapter!7).!Eventually!nonheusocial!Hymenopterans!
should!be!considered,!such!as!the!parasitoid!wasps,!in!which!thelytoky!is!also!
relatively!common.!Thus!we!can!continue!to!build!our!understanding!of!the!
conditions!under!which!thelytoky!is!selectively!advantageous,!and!by!
extension,!the!factors!that!have!lead!to!the!predominance!of!sex!in!the!natural!
world.!!
Below!I!propose!that!thelytokous!reproduction!in!social!insect!is!
correlated!with!both!parasitism!and!invasiveness,!and!present!evidence!
supporting!these!associations.!I!suggest!that!systematic!analysis!of!the!
association!between!thelytoky!and!invasiveness!may!yield!insights!into!the!
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evolution!of!thelytoky,!and!factors!that!prehadapt!a!species!towards!invasive!
potential.!
Thelytoky!and!parasitism!!
Thelytoky!in!Capensis!predisposes!workers!to!reproductive!parasitism,!and!has!
given!rise!to!the!Capensis!Clone!(Chapter!2).!The!Clone!is!a!thelytokous!lineage!
that!is!able!to!endure!the!costs!of!thelytoky!(selection!against!homozygous!
recombinant!offspring!and!lack!of!genetic!variability)!by!virtue!of!exploiting!a!
niche!that!would!not!be!available!to!it!in!the!absence!of!thelytoky:!reproductive!
parasitism.!I!have!shown!in!Chapter!3!that!similar!reasoning!can!be!used!to!
explain!the!distribution!of!parthenogenesis!in!the!parasitoid!wasp!Venturia%
canescens!(Pelosse!et!al.!2007,!Lukas!et!al.!2010,!Pelosse!et!al.!2010).!In!this!
species!sexual!forms!dominate!the!natural!environment,!while!asexual!forms!
are!found!almost!exclusively!in!anthropogenic!environments!like!mills!and!
granaries,!where!there!is!a!new!niche!available!to!exploit!–!massive!numbers!of!
readily!available!hosts!in!which!to!lay!eggs!(Schneider!et!al.!2002).!!
Thelytoky!and!invasiveness!
Both!Capensis!and!V.!canescens!exploit!a!new!niche,!made!available!by!
thelytoky!and!parasitism.!Exploitation!of!the!novel!niche!provides!such!an!
overwhelming!abundance!of!resources!that!the!cost!of!asexuality!(loss!of!
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genetic!variation!and!reduced!evolutionary!potential)!is!compensated!by!the!
benefits!(rapid!population!growth!and!the!marginalisation!of!males).!Similar!
phenomena!are!observed!in!ants.!However,!in!ants!it!is!invasiveness!rather!than!
parasitism!that!provides!new!niches!that!can!be!exploited!by!a!thelytokous!
population.!!
A!number!of!thelytokous!ant!species!are!highly!invasive.!These!include!
all!androgenetic!species!(Chapter!7)!and!three!of!the!five!species!in!which!
workers!are!ancestrally!sterile!and!queens!obligately!thelytokous!(Py.%
membranifera!(Herrera!and!Longino!2008,!Burwell!et!al.!2010),!S.%hexamera!
(Masuko!2013)!and!A.%gracilipes).%A.%gracilipes,%the!‘Yellow!crazy!ant’!is!one!of!the!
most!widespread!species!of!invasive!ant!(Holway!and!Suarez!2002),!and!is!
listed!among!100!of!the!world’s!worst!invasive!species!(Lowe!et!al.!2002).!In!
Australia’s!Arnhem!Land!a!single!queen!lineage!characterises!the!highly!
invasive!population!(Gruber!et!al.!2013).!
Thelytoky!may!assist!in!the!establishment!of!an!invasive!population!
(Table!2).!Thelytokous!reproduction!enables!the!preservation!of!highly!invasive!
genotypes,!without!the!randomisation!of!alleles!that!occurs!during!sexual!
recombination.!In!addition,!invasive!populations!are!often!liberated!from!the!
effects!of!competition!and!predation!they!experienced!in!their!native!range.!
Thus!invasive!populations!may!have!a!lower!requirement!for!the!evolutionary!!
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potential!provided!by!sexual!recombination,!and!can!therefore!persist!for!long!
periods!despite!significant!genetic!homogeneity.!Furthermore,!invasive!
populations!are!often!founded!by!a!small!number!of!individuals,!and!
experience!founder!effects!and!excessive!inbreeding.!Thelytoky!enables!
populations!to!overcome!these!challenges!by!increasing!the!rate!of!
reproduction.!Thelytokous!females!produce!exclusively!female!offspring,!each!
of!which!can!reproduce.!In!contrast,!in!a!sexual!population,!50%!of!offspring!are!
male!and!are!not!directly!reproductive.!Furthermore,!while!loss!of!
heterozygosity!may!result!from!thelytoky,!inbreeding!in!a!small!sexual!
population!will!have!a!similar!genetic!outcome.!Thus,!if!a!founder!population!is!
small,!thelytoky!will!not!add!significantly!to!the!rate!of!inbreeding,!and!indeed,!
actually!delays!it.!Finally,!in!some!species!thelytoky!is!associated!with!male!
cloning!(androgenesis,!Chapter!7),!a!means!by!which!females!can!produce!
unrelated!males!as!mating!partners!for!her!clonal!daughters,!allowing!a!single!
mated!female!to!found!a!population!with!no!inbreeding!in!perpetuity.!!
Arrhenotoky!to!thelytoky:!the!transition!
As!more!thelytokous!Hymenopterans!are!discovered,!it!is!becoming!
increasingly!evident!that!arrhenotokous!reproduction!may!prehadapt!insects!for!
a!transition!to!thelytoky.!I!suggest!that!the!mechanisms!by!which!arrhenotoky!
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transitions!to!thelytoky!should!become!a!focus!for!future!research.!This!will!
provide!a!key!insight!into!the!genetic!and!cytological!underpinnings!of!
thelytoky,!and!has!the!potential!to!shed!light!on!the!evolutionary!mystery!of!
why!thelytoky!is!so!rare!in!nonharrhenotokous,!sexual!taxa.!!
The!first!step!in!exploring!the!transition!from!arrhenotoky!to!thelytoky!is!
to!determine!the!frequency!at!which!thelytoky!occurs!in!otherwise!
arrhenotokous!taxon.!Thelytoky!has!been!observed!at!a!low!frequency!
(approximately!1%!of!eggs)!in!otherwise!arrhenotokous!honey!bees!(Mackensen!
1943),!providing!evidence!that!nonhthelytokous!Hymenoptera!possess!the!
evolutionary!potential!to!evolve!thelytoky.!It!would!be!useful,!I!think,!
determine!the!frequency!of!thelytoky!in!workers!through!the!social!
Hymenoptera.!Assuming!that!one!has!an!informative!set!of!genetic!markers!at!
hand,!the!could!be!achieved!by!dequeening!a!colony!and!genotyping!any!
female!offspring!of!workers!to!confirm!that!they!are!indeed!female!and!the!
daughters!of!the!resident!workers.!For!example,!Holmes!et!al.!(2014)!recently!
showed!that!Apis%cerana%workers!can!reproduce!thelytokously!when!hopelessly!
queenless.!If!it!can!be!shown!that!Hymenopteran!workers!regularly!reproduce!
thelytokously,!even!if!this!occurs!only!under!specific!conditions!(e.g.!after!
dequeening),!or!at!very!low!frequency,!it!will!help!explain!why!thelytoky!
emerges!so!often.!I!suspect!that!the!evolutionary!potential!is!always!there,!and!
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that!arrhenotoky!preadapts!the!Hymenoptera!for!the!evolution!of!thelytoky!
(Rabeling!and!Kronauer!2013).!
It!has!been!proposed!that!thelytoky!in!Capensis!is!controlled!by!a!single!
recessive!locus!termed!thelytoky%(th)!(Lattorff!et!al.!2005,!Jarosch!et!al.!2011).!
However,!further!experiments!conducted!using!crosses!between!Capensis!and!
Scutellata!(Chapman!et!al.!2014)!have!found!no!association!between!th%and!the!
form!of!parthenogenesis!(arrhenotokous!or!thelytokous)!expressed!in!hybrids.!
Thus,!there!is!still!a!need!to!investigate!the!genetic!basis!of!thelytoky!in!
Capensis.!!
Genes!that!contribute!to!the!thelytokous!phenotype!in!Capensis!may!be!
identified!using!a!genomehwide!association!study.!Such!a!study!would!further!
utilise!crosses!between!Capensis!and!Scutellata!to!create!individuals!with!
known!genetic!backgrounds!and!variation!in!the!thelytoky!phenotype.!I!suggest!
that,!while!genes!of!major!effect!may!be!identified,!the!thelytokous!phenotype!
may!be!determined!by!the!interaction!of!multiple!genes,!as!well!as!by!
environmental!factors.!I!have!found!Capensis!workers!that!are!otherwise!
thelytokous!produce!a!small!proportion!of!offspring!arrhenotokously,!and!that!
the!frequency!of!arrhenotoky!may!vary!between!populations!(Chapter!6).!This!
variation!suggests!that!there!may!be!additional!genes!that!contribute!to!the!
frequency!of!arrhenotoky!(and!so!thelytoky)!in!Capensis.!Furthermore,!
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Chapman!et!al.!(2014)!provide!evidence!of!a!parenthofhorigin!effect!on!the!
expression!of!thelytoky!in!hybrids.!Nonetheless,!maternal!inheritance!can!be!
discounted,!as!thelytoky!is!observed!in!the!offspring!of!crosses!between!
arrhenotokous!Scutellata!queens!and!thelytokous!Capensis!drones!(Chapman!et!
al.!2014).!
Following!the!identification!of!genes!contributing!to!the!thelytoky!
phenotype,!the!genetic!underpinnings!of!thelytoky!in!other!Hymenopteran!taxa!
should!be!explored.!This!could!be!achieved!by!first!looking!at!the!role!of!
homologues!of!genes!associated!with!thelytoky!in!Capensis.!If!different!species!
of!thelytokous!Hymenoptera!share!a!genetic!basis!to!thelytoky,!this!would!
indicate!that!the!genetic!potential!to!switch!between!thelytoky!and!arrhenotoky!
is!ancestral!in!these!species,!i.e.!they!may!have!shared!an!ancestor!that!
employed!a!mixed!reproductive!system.!Alternatively,!if!Hymenopteran!
species!do!not!share!an!underlying!genetic!architecture!for!thelytoky,!this!may!
indicated!that!is!the!mechanisms!of!arrhenotoky!itself!which!predispose!species!
to!the!evolution!of!thelytoky,!for!example,!the!ability!for!eggs!to!be!activated!by!
mechanical!stimulation,!without!fertilisation!(Rabeling!and!Kronauer!2013,!
Vorburger!2014).!
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Conclusion!
From!the!very!Origin!of!evolutionary!theory,!eusocial!insects!posed!special!
difficulties!for!evolutionary!thinking…!
“I…will!confine!myself!to!one!special!difficulty,!which!at!first!
appeared!to!me!insuperable,!and!actually!fatal!to!my!whole!theory.!I!
allude!to!the!neuters!or!sterile!females!in!insect!communities:!for!these!
neuters!often!differ!widely!in!instinct!and!in!structure!from!both!the!
male!and!fertile!females,!and!yet!from!being!sterile!they!cannot!
propagate!their!kind.”!–!Darwin!(1859)!
Here!Darwin!ponders!how!natural!selection!can!act!on!something!that!does!
not!reproduce.!However,!in!his!typical!prescient!way,!Darwin!further!
addressed!the!problem:!
“This!difficulty,!though!appearing!insuperable,!is!lessened,!or,!as!I!believe,!
disappears,!when!it!is!remembered!that!selection!can!applied!to!a!family,!
as!well!as!an!individual…”!–!Darwin!(1859)!
Understanding!how!selection!might!act!on!a!family!has!helped!drive!the!
development!of!evolutionary!theory!for!over!half!a!century.!Most!notably,!
familyhlevel!selection!contributed!strongly!to!the!emergence!of!inclusive!fitness!
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theory!(Hamilton!1964),!arguably!the!single!most!important!evolutionary!
paradigm!of!the!last!century!(see!Allen!et!al.!2013,!Gardner!and!West!2014,!
Strassmann!and!Queller!2014).!
In!recent!decades!a!surge!in!molecular!genetic!techniques!has!revealed!
that!Darwin’s!“neuters!or!sterile!females”!are!not!always!so!sterile.!Thelytokous!
reproduction!provides!avenues!for!selection!to!act!directly!on!individuals,!
while!they!remain!subject!to!selection!for!inclusive!fitness!by!virtue!of!existence!
in!a!colony!of!related!individuals.!As!highlighted!in!this!thesis,!thelytokous!
reproduction!dramatically!increases!the!range!of!potential!and!realised!
variation!in!eusocial!structures,!providing!new!avenues!for!the!development!
evolutionary!theory.!
As!we!continue!to!develop!our!understanding!of!thelytokous!
reproduction,!and!by!extension!the!eusocial!Hymenoptera,!we!must!continue!to!
focus!research!efforts!on!the!costs!associated!with!thelytoky.!These!costs!should!
in!turn!be!considered!in!the!context!of!the!eusocial!colony,!and!particularly!in!
how!they!differ!between!castes!of!a!given!species.!In!this!way!we!will!not!only!
expand!our!understanding!of!an!important!factor!limiting!the!expression!of!
thelytoky,!we!will!also!refine!our!understanding!of!evolutionary!dynamics!
between!castes!in!colonies!of!related!individuals.!Thus,!we!are!provided!the!
potential!to!further!test!and!develop!a!range!of!evolutionary!concepts!that!
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incorporate!these!evolutionary!dynamics,!reaching!back!to!Hamilton’s!inclusive!
fitness!theory!and!even!Darwin’s!“one!special!difficulty”.!
!
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APPENDIX 
Over!the!course!of!my!Honours!and!PhD!degrees!I!made!significant!but!
secondary!contributions!to!two!research!papers!and!one!response!to!a!
commentary.!I!provide!copies!of!these!three!papers!as!they!were!published.!
Beekman,!M.,!M.!H.!Allsopp,!J.!Lim,!F.!Goudie!and!B.!P.!Oldroyd!(2011)!
Asexually!produced!Cape!Honeybee!queens!(Apis%mellifera%capensis)!
reproduce!sexually.!Journal!of!Heredity!102:562h566!!
Beekman,!M.,!M.!H.!Allsopp,!J.!Lim,!F.!Goudie!and!B.!P.!Oldroyd!(2012)!
Response!to!“Reproductive!biology!of!the!Cape!Honeybee:!a!critique!of!
Beekman!et!al.”!by!Pirk!et!al..!Journal!of!Heredity!103:614h615!
My!contribution!to!Beekman!et!al.!(2011)!was!the!identification!of!progeny!
produced!by!the!thelytokous!granddaughter!of!an!A.%m.%capensis%queen!
(Chapter!5)!as!part!of!a!larger!data!set.!My!data!provided!empirical!evidence!
that!thelytokouslyhproduced!offspring!of!workers!can!be!raised!to!the!queen!
phenotype,!mate,!supersede!their!grandmother!queen!and!go!on!to!reproduce!
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sexually.!Beekman!et!al.!(2011)!further!report!sexual!reproduction!by!11!queens!
known!to!be!the!thelytokous!offspring!of!workers.!
Roth,!K.!M.,!M.!Beekman,!M.!H.!Allsopp,!F.!Goudie,!T.!C.!Wossler!and!B.!P.!
Oldroyd!(2014)!Cheating!workers!with!large!activated!ovaries!avoid!risky!
foraging.!Behavioral!Ecology!25:668h674!
Roth!et!al.!(2014)!incorporates!an!‘age!of!first!foraging!experiment’!that!I!
conducted!during!my!Honours!degree.!I!introduced!newly!emerged!Capensis!
workers,!marked!to!identify!age,!to!a!host!colony,!and!then!collected!these!
workers!between!5!and!17!days!as!they!returned!from!the!first!time!they!left!the!
colony!to!forage!(or!from!the!colony!if!they!never!foraged).!I!then!dissected!
these!workers!and!determined!their!ovariole!number!(see!Chapter!5!for!
methods).!This!experiment!was!subsequently!replicated!and!expanded!by!K.!
Roth!during!her!Honours!degree.!
